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Resumo 
O Cerrado é o segundo maior bioma da América Latina, cuja cobertura original de cerca 
de 200 milhões de hectares distribuía-se sobre a região central do Brasil. É um bioma 
complexo que apresenta uma ampla variação nas condições climáticas e edáficas, 
determinando um amplo espectro estrutural da comunidade vegetal, como campos, 
savanas e florestas,  que funcionam como estáveis alternativos da vegetação. Esta 
ampla variação nas condições ambientais em diferentes escalas potencialmente 
impactam as dinâmicas de distribuição dos estados estáveis alternativos, além de 
impactar processos ecossistêmicos, como a ciclagem de nutrientes. Além disso, apesar 
de ser um bioma fundamental para a preservação da biodiversidade e dos recursos 
naturais do Brasil, o Cerrado vem sofrendo intensas pressões de supressão da 
vegetação nativa devido à expansão agropecuária que ocupa hoje cerca de 50% do 
território original do bioma. Neste cenário, são fundamentais os esforços que 
aprofundem o conhecimento sobre o funcionamento do Cerrado e de seus tipos de 
vegetação, de modo a subsidiar planejamentos de conservação e aumentar o sucesso 
de iniciativas de restauração desse ecossistema. Desta forma, nesta tese foram 
avaliados: i) como matrizes edáficas distintas influenciam a relação entre cobertura de 
lenhosas e fertilidade do solo; ii) como variações em fina-escala na estrutura da 
comunidade vegetal afetam a dinâmica de decomposição de matéria orgânica morta, 
através de efeitos na atividade de diferentes agentes decompositores; iii) como a 
conversão de campos nativos em pastagens afeta a dinâmica de ciclagem de nutrientes 
do ecossistema, e suas consequências para as práticas de restauração. Os resultados 
indicam que: i) uma matriz edáfica menos fértil é relevante para a distribuição dos 
estados estáveis alternativos da vegetação, possivelmente por limitar o crescimento de 
lenhosas; enquanto que sobre matriz edáfica mais fértil, esta relação não é observada; 
ii) a cobertura de lenhosas afeta a dinâmica de decomposição de matéria orgânica 
morta em fina-escala, impactando o comportamento de forrageio de cupins. Maior 
cobertura de lenhosas foi negativamente relacionada à frequência de ataques de cupins 
à matéria orgânica morta; iii) gramíneas exóticas aumentam as taxas de ciclagem de 
nutrientes do ecossistema, pois estimulam a atividade da microbiota decompositora de 
ciclo de vida rápido por meio da produção de maiores quantidades de matéria orgânica 
morta lábil. Assim, práticas de restauração devem focar no reestabelecimento das 
características da comunidade microbiana do solo, e também nas propriedades do solo 
a níveis similares de ecossistemas nativos não perturbados. Portanto, esta tese 
aprofunda o conhecimento sobre os potenciais mecanismos pelos quais as variações 
nas condições ambientais em diferentes escalas, e a conversão de ecossistemas 
nativos em pastagens, impactam na dinâmica de distribuição dos tipos de vegetação e 
na ciclagem de nutrientes no Cerrado. Este estudo contribui para o aprimoramento de 
modelos que estimem as dinâmicas de estocagem e ciclagem de carbono globais, e no 
aprimoramento de técnicas de restauração de ecossistemas nativos não-florestais. 
  
Abstract 
The Cerrado is the second largest biome of Latin America, that originally covered 
approximately 200 million hectares of the central region of Brazil. It is a complex biome 
with a high range of climatic and edaphic conditions that drives a wide range of plant 
community structure types such as: grasslands, savannas, and woodlands three 
alternative stable states of vegetation. The large- and fine-scale variations in 
environmental conditions influences the distribution dynamics of the alternative stable 
states of vegetation, affecting  different ecosystems processes, such as nutrient cycling. 
Although the high importance of Cerrado to the Brazilian biodiversity and natural 
resources conservation, the biome suffers from intense pressures for vegetation 
suppression because  of the agriculture expansion, which covers approximately 50% of 
the original territory of the biome. In this scenario, efforts increasing the knowledge of 
Cerrado functioning are of great importance in order to support conservation policies 
and to increase the success of ecosystem restoration. In this thesis was evaluated: i) 
how distinct soil types influence the relationship between woody cover and soil fertility; ii) 
how fine-scale variations in plant community structure affects the decay dynamics of 
dead organic matter, through effects in the activity of decay agents; iii) how the 
conversion of native grasslands in pastures affects the nutrient cycling dynamics of the 
ecosystem, and its consequences to the restoration practices. The results indicate that: 
i) communities growing in low fertility arenosols have a positive relation between soil 
fertility and the distribution of the alternative stable states of vegetation, potentially due 
to the limitation of woody plants growth; while in communities growing over more fertile 
ferralsols this relation was not observed; ii) woody cover affects the decay dynamics of 
dead organic matter in fine-scale, and was negatively related to the frequency of attack 
of dead organic matter by termites; iii) exotic grasses increases the nutrient cycling rates 
of the ecosystem, due to the increase in the activity of microorganisms of fast life-cycle 
through the production of high quantity of labile dead organic matter. Thus, restoration of 
native grasslands should focus on the re-establishment of soil microbial community 
characteristics and soil properties to levels similar of native ecosystems. Therefore, this 
thesis increases the knowledge regarding the potential mechanisms by which large- and 
fine-scale variations in environmental conditions, and the conversion of native 
ecosystems into pastures, impacts the dynamics and distribution of vegetation types and 
the nutrient cycling of Cerrado. It also contributes to the enhancement of models that 
estimates the dynamics and carbon stock and cycling, and also proposes potential 
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O Cerrado brasileiro é o segundo maior bioma da América Latina, sendo menor 
apenas que a Amazônia, originalmente ocupando cerca de 200 milhões de hectares 
(Mha) da região central do Brasil (Sano et al., 2010, 2019). O bioma é caracterizado por 
sua alta biodiversidade de plantas, abrigando cerca de 12.000 espécies de plantas 
vasculares, das quais cerca de 35% são endêmicas à região (Zappi et al., 2015). O 
bioma também é um importante provedor de serviços ecossistêmicos essenciais para o 
Brasil e países vizinhos (Lahsen et al., 2016; Oliveira et al., 2015). Cerca de 70% da 
água que abastece 8 das 12 regiões hidrográficas do Brasil tem sua origem no Cerrado, 
e representa 43% do abastecimento da água superficial no Brasil, desconsiderando a 
região amazônica (Lahsen et al., 2016; Strassburg et al., 2017). Além da importância no 
abastecimento hídrico, que garante o acesso das populações e atividades 
agropecuárias à água, os serviços ecossistêmicos providos pelo Cerrado também têm 
papel-chave no abastecimento elétrico do país. Cerca de 80% da matriz energética do 
Brasil é dependente de usinas hidroelétricas localizadas em rios cujas fontes estão 
localizadas no território do Cerrado (Oliveira et al., 2015). Assim, a conservação do 
Cerrado é fundamental para a preservação da biodiversidade e manutenção do 
provimento de serviços ecossistêmicos essenciais. 
No entanto, o bioma do Cerrado tem sofrido constante pressão de conversões do 
uso da terra e supressão da vegetação nativa (Sano et al., 2010; Strassburg et al., 
2017). Nas últimas duas décadas, enquanto as taxas de desmatamento da floresta 
amazônica foram reduzidas em 70%, no Cerrado estas taxas quase dobraram 
(Strassburg et al., 2017). A principal pressão sobre o Cerrado está na conversão da 
vegetação nativa para atividades agropecuárias. A implementação de pastos artificiais – 
i.e. pasto com gramíneas exóticas – e a implementação de culturas agrícolas, como 
soja, milho e cana-de-açúcar, ocupam cerca de 46% do território original do bioma 
(Strassburg et al., 2017). Além disso, a expectativa é de que as pressões de supressão 
da vegetação nativa pode se agravar nas próximas décadas, uma vez que cerca de 
88% e 69% da vegetação nativa remanescente está em áreas adequadas para o plantio 
de soja e cana-de-açúcar, respectivamente; culturas que terão suas demandas 
aumentadas nos próximos anos (Strassburg et al., 2014). Neste cenário, projeções 
estimam que até 2050 até 31% da vegetação nativa remanescente seja perdida, 
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acarretando na extinção de cerca de 1.140 espécies, na emissão de cerca de 8,5 Pg de 
gás carbônico (CO2) e no comprometimento do abastecimento de bacias hidrográficas 
do território brasileiro (Oliveira et al., 2015; Resende et al., 2019; Strassburg et al., 
2017). Portanto, é fundamental traçar planos que orientem a ocupação ordenada do 
território, garantindo a conservação de áreas críticas e a expansão da vegetação nativa 
de modo a conectar fragmentos para evitar esta perda de biodiversidade e o 
comprometimento de serviços ecossistêmicos providos pelo Cerrado (Sano et al., 2019; 
Strassburg et al., 2017). Estes esforços podem prevenir cerca de 83% das extinções 
projetadas, além de evitar a emissão de CO2 e a perda significativa de serviços 
ecossistêmicos (Resende et al., 2019; Strassburg et al., 2017). Para isso, é fundamental 
a compreensão das características do Cerrado e dos processos de funcionamento e 
manutenção de seus ecossistemas naturais. 
 
1.1 Variações nas condições ambientais e composição de espécies no Cerrado 
 O Cerrado é geralmente caracterizado como uma savana Neotropical, disposta 
em um território de solo infértil e cujo o regime de precipitação é caracterizado por uma 
forte sazonalidade, que distingue as estações seca e chuvosa (Bueno et al., 2018). No 
entanto, esta caracterização é uma simplificação, sendo o Cerrado um complexo 
mosaico de tipos de fitofisionomias distribuídas no território com significativas 
diferenças nas condições ambientais em macro- e microescalas (Bueno et al., 2018; 
Françoso et al., 2020; Sano et al., 2019). A compreensão da heterogeneidade da 
ambiental e das estruturas das comunidades vegetais do Cerrado é fundamental para 
traçar planos de conservação da biodiversidade no bioma. 
 O Cerrado está distribuído na região central do Brasil e seu território cobre uma 
faixa territorial que varia em cerca de 22,4° de latitude (Sano et al., 2010). Além disso, o 
território é dividido em planaltos e depressões que determinam uma amplitude de 
variação de altitude de cerca de 1.800 m, influenciando na heterogeneidade nas 
condições macroclimáticas (Sano et al., 2010, 2019). Por exemplo, a precipitação média 
anual (PMA) pode variar de 600 mm à 2000 mm; enquanto a temperatura média anual 
(TMA) varia de 18°C à 28°C no território do Cerrado (Françoso et al., 2020; Sano et al., 
2019). A ampla distribuição do território do Cerrado também está relacionada à 
heterogeneidade nas condições edáficas. De modo geral, o Cerrado ocorre 
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principalmente sobre quatro tipos de solo (Sano et al., 2019): i) Latossolos: solos 
argilosos, profundos e intensamente intemperizados; ii) Neossolos quartzarênicos: solos 
arenosos pouco desenvolvidos; iii) Plintossolos: solos formados em locais de baixa 
drenagem de água, principalmente por conta da ocorrência de lençol freático superficial; 
iv) Cambissolos: solos minerais pouco desenvolvidos, com ausência de camadas de 
húmus. Esta heterogeneidade nas condições climáticas e edáficas está potencialmente 
relacionada a diferenças na distribuição de espécies e também nas características e 
funcionamento dos ecossistemas no Cerrado. 
 De fato, o Cerrado apresenta um forte padrão biogeográfico na distribuição de 
espécies de plantas, sendo seu território subdividido em sete distritos biogeográficos 
(Bridgewater et al., 2004; Françoso et al., 2020). Estes distritos são definidos de acordo 
com a ocorrência de espécies lenhosas, agrupando-se áreas que possuam maior 
homogeneidade na composição florística de acordo com estudos de levantamento de 
diversidade (Françoso et al., 2020). Do total de espécies lenhosas encontradas no 
Cerrado, apenas 4% são compartilhadas por todos os distritos, enquanto que cerca de 
52% são endêmicas a apenas um distrito (Bridgewater et al., 2004). Estas diferenças 
são parcialmente, e potencialmente, relacionadas à variações nas condições 
ambientais, uma vez que os distritos apresentam diferenças significativas nas 
condições edáficas e macroclimáticas (Françoso et al., 2020; Sano et al., 2019). Além 
disso, a proximidade com outros biomas, principalmente a Mata Atlântica e a Floresta 
Amazônica, também exerce influência significativa na composição de espécies dos 
diferentes distritos (Françoso et al., 2020; Novaes et al., 2013). De modo geral, distritos 
biogeográficos do Cerrado tendem a compartilhar espécies filogeneticamente próximas 
com os biomas fronteiriços, potencialmente por conta de efeitos históricos relacionados 
à dispersão de propágulos dos biomas vizinhos e a posterior colonização e especiação 
em territórios do Cerrado (Françoso et al., 2020; Novaes et al., 2013). Assim, por conta 
da ampla heterogeneidade das condições ambientais e composição de espécies, 
espera-se que haja diferenças significativas na dinâmica das comunidades e nos 




1.2 Variações na estrutura da vegetação e dinâmica de transições 
 No Cerrado há também um amplo espectro de variação na estrutura da 
vegetação em escala fina. Em um mesmo clima ou sobre uma mesma matriz edáfica, 
campos, savanas e florestas podem ocorrer como estados estáveis alternativos da 
vegetação (Hirota et al., 2011; Staver et al., 2011). De acordo com a hipótese dos 
estados estáveis alternativos, um ecossistema pode ocorrer em estados diferentes sob 
uma mesma condição ambiental, sendo a transição e a manutenção dos diferentes 
estados relacionadas a um conjunto de distúrbios e perturbações (Schröder et al., 
2005). De fato, a coocorrência de diferentes tipos de vegetação sob condições 
ambientais similares foi demonstrada para os trópicos, onde campos, savanas e 
florestas coocorrem em regiões com PMA intermediárias (1.000 mm – 2.500 mm) e em 
regiões com fertilidade do solo similares (Bond, 2010; Hirota et al., 2011; Staver et al., 
2011). Nestas regiões, a distribuição dos diferentes tipos de vegetação seria mantida 
por um complexo regime de distúrbios (Dantas et al., 2016). 
A distribuição de campos, savanas e florestas é determinada por uma complexa 
interação de retroalimentação, que envolve o regime de distúrbios – principalmente o 
regime de incêndios -, a disponibilidade de recursos – principalmente água e nutrientes 
– e as características da comunidade vegetal (Bueno et al., 2018; Dantas et al., 2016; 
Hoffmann et al., 2012). Além disso, a distribuição destes estados estáveis alternativos 
da vegetação não é estática, sendo registrados avanços de formações lenhosas em 
áreas mais abertas, como savanas e campos, cuja dinâmica de transições é também 
governada pelo conjunto de retroalimentação citado anteriormente (Rosan et al., 2019; 
Stevens et al., 2017). Assim, a compreensão dos mecanismos que influenciam a 
manutenção e a dinâmica entre os diferentes estados estáveis alternativos da 
vegetação é importante para previsão de mudanças nas características dos 
ecossistemas e também para traçar planos de conservação dos diferentes tipos de 
vegetação do Cerrado (Buisson et al., 2019). 
 Modelos teóricos propõem que a transição entre os estados estáveis alternativos 
da vegetação no Cerrado seja influenciada pelo limiar de supressão de distúrbios, 
principalmente o fogo, atingido por indivíduos e pelas comunidades vegetais (Buisson et 
al., 2019; Hoffmann et al., 2012). De acordo com Hoffmann et al. (2012), o regime de 
incêndios é uma força que mantêm o ecossistema em um estado mais aberto, como 
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campos e savanas, por causar a morte de indivíduos lenhosos, impedindo o acúmulo 
de biomassa. Ainda de acordo com Hoffmann et al. (2012), para que haja a transição de 
um ecossistema aberto para um fechado é necessário que os indivíduos lenhosos 
acumulem biomassa suficiente para atingirem o limiar de supressão do fogo, no qual os 
indivíduos lenhosos tornam-se mais resistentes à morte por incêndio (por conta do 
acúmulo de biomassa), e a comunidade desenvolve um dossel capaz de inibir o 
crescimento de gramíneas intolerantes ao sombreamento pelo dossel. Neste cenário, 
há uma estabilização da comunidade em um estado fechado – i.e. floresta -, uma vez 
que esses distúrbios são suprimidos, não havendo a redução da biomassa acumulada 
pelas plantas lenhosas (Hoffmann et al., 2012). 
 O acúmulo de biomassa por plantas lenhosas é dependente de três principais 
fatores: i) a supressão de incêndios, evitando a morte de indivíduos lenhosos e o 
desbaste da biomassa acumulada; ii) restrições edáficas, como a disponibilidade de 
recursos e a profundidade do solo, que afetam as taxas de crescimento e acumulação 
de biomassa pelas lenhosas; iii) as características das espécies lenhosas, que afetem 
suas taxas de crescimento, estratégias de uso de recursos e resistência à distúrbios 
(Buisson et al., 2019; Hoffmann et al., 2012; Langan et al., 2017; Stevens et al., 2017). 
A importância relativa de cada um destes fatores depende das características 
ambientais locais (Buisson et al., 2019; Langan et al., 2017). Por exemplo, em 
ambientes com alta disponibilidade de recursos – i.e. locais de solo fértil e alta 
disponibilidade de água –, onde o acúmulo de biomassa por lenhosas é favorecido, o 
regime frequente de incêndios é importante para a manutenção de ambientes abertos, 
uma vez que o limiar de supressão de distúrbios pode ser rapidamente atingido pela 
comunidade lenhosa (Buisson et al., 2019; Hoffmann et al., 2012). Por outro lado, em 
ambientes em que haja limitação de recursos – i.e. ambientes inférteis e secos – o 
acúmulo de biomassa por lenhosas é lento, sendo de menor importância um regime 
frequente de incêndios para a manutenção dos ambientes abertos (Buisson et al., 2019; 
Hoffmann et al., 2012).  
 Além deste conjunto de mecanismos de retroalimentação, estudos também 
propõem outros mecanismos de manutenção dos diferentes estados estáveis 
alternativos da vegetação no Cerrado, relacionados à restrições edáficas impostas ao 
crescimento de lenhosas (Langan et al., 2017; Veenendaal et al., 2015). Ambientes com 
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baixa fertilidade do solo, com solo raso ou com lençol freático superficial impedem o 
estabelecimento de raízes profundas, impedindo o desenvolvimento de plantas 
lenhosas, sendo estas regiões ocupadas por gramíneas de raízes superficiais (Langan 
et al., 2017; Veenendaal et al., 2015). De fato, estudos de campo têm apresentado 
evidências que corroboram a importância da fertilidade e da profundidade do solo na 
manutenção dos estados estáveis alternativos da vegetação no Cerrado. Pellegrini et 
al. (2016) e Silva et al. (2013) apontaram que espécies lenhosas florestais demandam 
mais nutrientes para o acúmulo de biomassa do que espécies lenhosas de savana, e 
que a concentração de nutrientes nos solos de savana, principalmente fósforo (P) e 
cálcio (Ca), são insuficientes para sustentar o desenvolvimento pleno de espécies 
lenhosas florestais do Cerrado. Além da restrição imposta ao desenvolvimento de 
lenhosas pela baixa fertilidade do solo, Rossatto et al. (2012) e Leite et al. (2018) 
encontraram que a densidade de indivíduos lenhosos está positivamente relacionada 
com a profundidade do lençol freático. Neste caso, ambientes com lençol freático 
superficial eram dominados por formação de campo, uma vez que as condições de 
hipóxia do solo limitam o crescimento das raízes às regiões superficiais (Leite et al., 
2018; Rossatto et al., 2012). Por outro lado, ambientes com lençol freático profundo 
permitem o desenvolvimento de raízes profundas, sendo dominados por formações 
florestais (Leite et al., 2018; Rossatto et al., 2012). 
Assim, por conta da ampla heterogeneidade das condições climáticas e edáficas, 
espera-se que diferentes regiões do Cerrado apresentam dinâmicas distintas de 
transição entre os estados estáveis alternativos da vegetação. 
 
1.3 Potenciais consequências da heterogeneidade ambiental em processos 
ecossistêmicos no Cerrado: Variações nos padrões de decomposição de 
matéria orgânica.  
 A decomposição de matéria orgânica morta é um processo chave nos ciclos 
biogeoquímicos dos ecossistemas. Estima-se que cerca de 57% - aproximadamente 
499 PgC - de todo C estocado nas florestas do mundo encontra-se na forma de matéria 
orgânica morta (Pan et al., 2011). No Cerrado este componente é ainda mais 
importante para a estocagem de C, uma vez que se estima que cerca de 71% do C 
estocado no ecossistema (cerca de 190 MgC ha-1) esteja contido na matéria orgânica 
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morta – i.e., serapilheira, madeira morta e matéria orgânica no solo (Batlle-Bayer et al., 
2010). Neste contexto, a decomposição é o processo responsável pela quebra das 
moléculas orgânicas complexas, tendo dois principais resultados: 1º) a formação de 
moléculas orgânicas simples e estáveis, dando origem ao húmus e à matéria orgânica 
do solo, que armazena cerca de 44% - aproximadamente 383 PgC – de todo C 
estocado nas florestas no mundo (Pan et al., 2011); ou cerca de 69% - 
aproximadamente 185 MgC ha-1 – nas áreas de Cerrado (Batlle-Bayer et al., 2010); 2º) 
a mineralização da matéria orgânica morta, processo responsável pela quebra das 
moléculas orgânicas e liberação dos elementos imobilizados no ambiente em sua forma 
mineral (Swift et al., 1979). Portanto, a taxa de decomposição influencia na quantidade 
de elementos que permanecem imobilizados em moléculas orgânicas – seja na matéria 
orgânica morta ou na forma de húmus -, além de influenciar nas taxas de ciclagem de 
nutrientes no ecossistema (Zechmeister-Boltenstern et al., 2015). 
 A decomposição de matéria orgânica pode ser realizada por agentes abióticos, 
como a radiação solar, ou por agentes bióticos, como microrganismos e invertebrados 
(principalmente os cupins) (Austin & Vivanco, 2006; Bani et al., 2018; Ulyshen, 2016). A 
importância relativa da decomposição realizada por cada um desses agentes é 
influenciada por fatores extrínsecos ao substrato, como as condições climáticas (Bani et 
al., 2018; Zanne et al., 2015). Por exemplo, a atividade de microrganismos tende a ser 
maior em áreas de maior temperatura e umidade, por isso maiores taxas de 
decomposição de matéria orgânica são observadas em regiões próximas ao equador 
do que em regiões mais próximas aos polos (Aerts, 1997; Zhang et al., 2008). Além 
disso, em regiões mais quentes e úmidas, a comunidade microbiana é composta por 
organismos de crescimento e atividade mais rápidas do que comunidades microbianas 
de locais secos e frios (Lustenhouwer et al., 2020). Os cupins também são afetados 
pelas condições climáticas, sendo mais abundantes e ativos em regiões de maior 
temperatura e umidade, acarretando na restrição da sua distribuição às regiões 
tropicais e subtropicais do globo (Bignell & Eggleton, 2000; Davies et al., 2003). A 
história evolutiva também exerce importante influência na distribuição de espécies de 
cupins – por exemplo, a ausência de cupins cultivadores de fungos nas Américas, 
afetando a decomposição de compostos ricos em lignina nestas regiões (Dahlsjö et al., 
2014). Enquanto a atividade de microrganismos e cupins é maior em áreas mais 
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quentes e úmidas, a fotodegradação é mais relevante em áreas áridas e semiáridas, 
onde a atividade de microrganismos e cupins é limitada e há alta incidência de radiação 
sobre o substrato (Austin & Vivanco, 2006; King et al., 2012). Portanto, há significativas 
diferenças nos padrões de decomposição de matéria orgânica morta em ecossistemas 
localizados em regiões sob distintos regimes macroclimáticos. 
 No Cerrado, por haver um amplo espectro de variação nas condições ambientais 
em larga escala e o forte padrão biogeográfico de distribuição de espécies, espera-se 
que haja diferenças significativas nos padrões de decomposição de matéria orgânica 
entre as diferentes regiões. Além disso, espera-se que variações em escala fina na 
estrutura da comunidade vegetal – i.e. campos, savanas e florestas – também 
influenciem nas dinâmicas de decomposição de matéria orgânica morta. Esta influência 
estaria relacionada principalmente à estrutura da vegetação, que influencia nas 
condições microclimáticas às quais os organismos estão submetidos, na quantidade de 
radiação que atinge a matéria morta e na quantidade e características químicas e 
físicas da serapilheira produzida. 
 
1.4 Restauração de campos nativos de Cerrado 
 Apesar de haver uma pressão geral de supressão da vegetação nativa de 
Cerrado, os campos naturais são especificamente vulneráveis a tais pressões. Os 
campos nativos possuem menor área localizada em unidades de proteção em relação 
às savanas e florestas (Sano et al., 2010). Além disso, o avanço das pastagens 
artificiais em áreas nativas de Cerrado se deu principalmente em áreas de campo, que 
eram inicialmente usadas como pastos naturais e posteriormente convertidos em pastos 
artificiais com o avanço do uso de tecnologias agrícolas na região (Dias et al., 2016). 
Por conta desta maior vulnerabilidade, em 2002 estimava-se que, da área total do 
Cerrado (~ 200 Mha), cerca de 8 Mha eram ocupados por campos nativos, enquanto 
que 54 Mha eram ocupados por pastagens artificiais (Sano et al., 2010). Portanto, 
esforços de conservação e restauração são de urgente importância para a preservação 
de campos nativos do Cerrado.  
Nos últimos anos o potencial de restauração de campos nativos aumentou por 
conta do crescente abandono de áreas de pastagens e da incorporação de áreas de 
pastos às unidades de conservação (Dias et al., 2016). No entanto, apesar deste 
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aumento no potencial de restauração de campos nativos do Cerrado, o conhecimento 
teórico que embasem essas técnicas de restauração ainda é pouco desenvolvido. 
Técnicas de restauração têm focado historicamente em ecossistemas florestais, cuja 
aplicação em outros tipos de vegetação, como campos e savanas, é pouco eficaz. De 
modo geral, a aplicação destas técnicas de restauração florestal em outros 
ecossistemas reduz a biodiversidade, altera a ciclagem de água e nutrientes e aumenta 
a vulnerabilidade dos ecossistemas a distúrbios (Abreu et al., 2017; Honda & Durigan, 
2016; Veldman et al., 2015). Recentemente, esforços vêm sendo conduzidos para 
desenvolver uma teoria que embase as práticas de restauração de campos tropicais, e 
é necessário novas investigações que contribuam com o aumento eficácia destas 
práticas em campos no Brasil (Buisson et al., 2019; Silveira et al., 2020). 
 A restauração de um ecossistema não deve focar apenas na recuperação da 
composição taxonômica de uma comunidade, mas deve focar também na recuperação 
de processos ecossistêmicos que permitam a estabilização do ecossistema (Funk et al., 
2008; Suding et al., 2004). Distúrbios em ecossistemas naturais, como a supressão da 
vegetação nativa para a implementação de pastos artificiais com gramíneas exóticas, 
além de alterarem a composição de espécies, alteram também a composição funcional 
da comunidade (Funk et al., 2008, 2017). Mudanças da composição funcional da 
comunidade pode resultar na formação de novos conjuntos de interações ecológicas – 
e.g. retroalimentação planta-solo -, mantendo o ecossistema em um novo estado 
estável (Suding et al., 2004). Desta forma, técnicas de restauração devem focar na 
recuperação das interações bióticas e abióticas do ecossistema. 
 No Cerrado, gramíneas exóticas usadas em pastos e gramíneas nativas são 
funcionalmente distintas (Pivello et al., 1999). As principais gramíneas exóticas 
plantadas em pastagens são espécies do gênero Urochloa sp., e as espécies 
Andropogon gayanus  e Melinis minutiflora (Pellizzaro et al., 2017; Zenni & Ziller, 2011). 
Gramíneas exóticas possuem crescimento mais rápido e estratégias mais aquisitivas de 
recursos do que espécies de gramíneas nativas, que possuem crescimento mais lento e 
estratégias mais conservativas de recursos (Eller & Oliveira, 2017; Pivello et al., 1999). 
Plantas de estratégia aquisitiva de recursos são caracterizadas por possuírem uma 
rápida ciclagem de biomassa, produzindo altas quantidades de matéria orgânica morta, 
com alta concentração de recursos – i.e. nutrientes – e baixa concentração de 
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compostos de defesa – i.e. lignina, polifenóis (Freschet et al., 2013). Por outro lado, 
plantas de estratégia conservativa de recursos são de crescimento lento e de lenta 
ciclagem de biomassa, produzindo baixa quantidade de matéria orgânica morta, com 
alta concentração de compostos de defesa e baixa concentração de recursos (Freschet 
et al., 2013). Portanto, ecossistemas naturais e dominados por gramíneas exóticas 
possuem distintos padrões de produção e distintas características na matéria orgânica 
produzida. 
Estas diferenças nas características e na quantidade de matéria orgânica morta 
produzidas por espécies nativas e exóticas dos campos de Cerrado podem levar à 
formação de interações planta-solo distintas. A produção de altas quantidades de 
matéria orgânica morta, com alta concentração de recursos e baixa concentração de 
compostos defensivos, estimula a atividade da comunidade decompositora, por 
representar um grande aporte de recursos lábeis (Freschet et al., 2013). Esta alta 
atividade decompositora resulta na rápida decomposição da matéria orgânica morta, 
reduzindo a concentração de elementos imobilizados em moléculas orgânicas e 
acelerando a taxa de ciclagem de nutrientes do ecossistema (Freschet et al., 2013). Por 
outro lado, a produção de pouca matéria morta, rica em compostos de defesa e com 
baixa concentração de recursos, não leva ao estímulo da atividade decompositora, 
resultando na maior imobilização de nutrientes em moléculas orgânicas e na mais lenta 
taxa de ciclagem de nutrientes no ecossistema (Freschet et al., 2013). Estes diferentes 
efeitos da matéria orgânica morta sobre a dinâmica de ciclagem de nutrientes no 
ecossistema podem afetar a permanência de espécies exóticas ou nativas na 
comunidade. Neste cenário, esforços de restauração devem considerar potenciais 
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 Neste estudo avaliei como variações naturais em larga e pequena escala nas 
condições ambientais do Cerrado afetam as dinâmicas de transição entre campos, 
savanas e florestas (Cap. 2). Avaliamos também como essas variações afetam as 
dinâmicas de decomposição de matéria orgânica, tanto em termos de taxa de 
decomposição quanto da importância relativa de diferentes agentes decompositores – 
i.e. microrganismos, cupins e radiação (Cap. 3). Por fim, avaliei como a conversão de 
campos naturais em pastagens artificiais pode impactar a dinâmica de ciclagem de 











1. The Cerrado is a complex mosaic of vegetation types distributed over the central 
region of Brazil, characterized by a high variation in climatic and edaphic conditions. 
The vegetation types distributions are related to a set of feedbacks including fire 
regime, plant community structure and edaphic conditions, whose relative 
importance is dependent on the local environmental conditions. Specifically, the 
woody cover is expected to be related to soil fertility in low fertility landscapes, while 
it is expected to be related to fire regime in high fertility landscapes. 
2. In this study we evaluated if the distribution of woody plants is distinctly related to 
soil fertility in sites located over different soil types. For this, we sampled grasslands, 
savannas and woodlands in two Cerrado sites: CE-site, located in the central region 
of Cerrado, mainly over ferralsols – soils with high content of clay; SO-site, located in 
the south region of Cerrado, mainly over arenosols – soils with high content of sand. 
We characterized the plant woody community structure, species richness, diversity 
and composition, and also the edaphic conditions in each site. We also evaluated 
the relationship between soil fertility and woody cover for each site. 
3. Vegetation types had similar woody cover in both sites, however, the communities 
differed in tree characteristics: i) CE-site was dominated by a higher density of 
thinner plants than SO-site; ii) CE-site had more woody species (138) than SO-site 
(65); iii) 11% of the species sampled were shared by both sites. Regarding edaphic 
conditions, SO-site had lower concentration of potassium and nitrogen, and lower 
cation exchange capacity than CE-site. Furthermore, the relationship of woody cover 
with soil fertility parameters was significant only for SO-site. 
4. Soil fertility is an important factor influencing the assembly of ecological strategies, 
modulating growth of woody plants and the distribution of vegetation types according 
to site edaphic conditions. This distinction is potentially related to differences in soil 
types – arenosols and ferralsols – that influence the formation and stabilization of 
soil organic layer. Therefore, the transition dynamics among vegetation types of 
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 The Brazilian Cerrado is the second largest biome of Latin America, originally 
covering ~ 200 million hectares (Mha) of the central region of Brazil (Sano et al., 2010, 
2019). Cerrado covers a range of 22.4° of latitude and 1800 m of altitude, which is 
related to a large-scale heterogeneity of environmental conditions (Françoso et al., 
2020; Sano et al., 2019). For instance, the mean annual precipitation (MAP) ranges from 
600 mm to 2000 mm; and the mean annual temperature (MAT) ranges from 18°C to 
28°C within its territory (Françoso et al., 2020; Sano et al., 2019). Also, the Cerrado 
territory is distributed over a complex mosaic of soil types which differs in weathering, 
texture, depth, mineralogy and fertility (Sano et al., 2019). Therefore, large-scale 
heterogeneity in environmental conditions influences ecosystems characteristics, such 
as species composition and plant community structure, as well as ecosystem functioning 
and dynamics. 
 Cerrado territory is subdivided in seven general biogeographic districts 
characterized by differences in macroclimatic conditions, edaphic conditions and plant 
species composition (Françoso et al., 2020; Sano et al., 2019). Indeed, only 4% of 
Cerrado’s plant species occurs in all biogeographic districts, while 52% are endemic to 
only one district (Bridgewater et al., 2004). For instance, the southern sites have higher 
temperature seasonality and lower mean annual precipitation (MAP) than sites located 
in the central and northern regions of Cerrado (Françoso et al., 2020). Edaphic 
conditions also vary among Cerrado districts, with a wide range variation in texture – as 
the two main soil types, ferralsols and arenosols, differs in clay content and weathering -
, and fertility parameters (Furley, 1986; Sano et al., 2019). Furthermore, species 
composition of the Cerrado districts are also related to its proximity to other biomes, 
especially the Atlantic and Amazon forests (Françoso et al., 2020; Novaes et al., 2013). 
The biogeographic districts located next to these biomes shares phylogenetic close 
plant species, mainly due to historical effects of dispersion, colonization and speciation 
(Françoso et al., 2020; Novaes et al., 2013). Besides influencing plant species 
composition, it is also expected that the large-scale environmental heterogeneity of 
Cerrado also influences the plant community dynamics at the local-scale. 
 Different vegetation types within Cerrado ecosystems such as grasslands, 
savannas and woodlands occur as alternative stable states of vegetation at the local 
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scale (Hirota et al., 2011; Staver et al., 2011). The distribution and the transitions 
dynamics among these vegetation types – i.e., woody encroachment in savannas and 
grasslands, or the conversion of woodlands in savannas – is maintained by a complex 
set of feedback involving the fire regime, resources availability (mainly soil fertility) and 
plant community structure (Dantas et al., 2016; Hoffmann et al., 2012). According to 
Hoffmann et al. (2012), grasslands and savannas are more susceptible to fire 
occurrence due to the higher grass biomass, which is energetically favorable to fire 
propagation. In these environments, fire occurrence causes the death of woody 
individuals, hampering the formation of a closed-canopy and keeping an open and fire-
prone ecosystem (Hoffmann et al., 2012). On the other hand, woodlands are less 
susceptible to fire occurrence, mainly due to the reduction of shade-intolerant grasses 
caused by a closed-canopy (Hoffmann et al., 2012). According to this model, the 
formation of a closed-canopy is highly dependent on fire exclusion or on resources 
availability, such as soil fertility, (Lehmann et al. 2011; Hoffmann et al. 2012), and the 
importance of each of these variables in the formation of a closed-canopy community is 
dependent on the environmental conditions (Buisson et al., 2019). For instance, it is 
expected that sites with low soil fertility, the fire regime exerts low influence in the 
formation of a closed-canopy, as the low fertility inhibits woody growth; while in sites with 
high soil fertility, the fire regime exerts high influence inhibiting the formation of closed-
canopy, once tree growth is stimulated by high resource availability (Buisson et al., 
2019). 
 In this study we evaluated the potential influence of large-scale edaphic 
conditions variation in the distribution of vegetation types in the Brazilian Cerrado. For 
this, we sampled two sites located in different districts of the Cerrado: one site located in 
the central region, distributed over more fertile ferralsol soils; other site located in the 
south region, distributed over lower fertility arenosols, and bordering the Atlantic Forest 
biome (Françoso et al., 2020; Sano et al., 2019). In each of these sites we sampled the 
woody layer, characterizing the plant community structure of grasslands, savannas and 
woodlands. Furthermore, we also characterized the soil conditions and the interaction 
between soil conditions and woody cover. We then compared the woody plant 
community structure and woody species composition between sites and among 
vegetation types, and compared the relationship between soil fertility and woody cover 
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between the two sites. We expected that: i) plant community structure parameters – i.e., 
woody basal area, tree density and species richness – would be similar within 
vegetation types between sites, since grasslands, savannas and woodlands are 
expected to be alternative stable states of vegetation in Cerrado, occurring with similar 
structure in its territory; ii) a higher similarity in woody species composition among 
vegetation types within a same site then between sites, since the woody species 
composition of communities in Cerrado is strongly linked to historical processes of 
community assembly, showing high dissimilarity in species composition in its territory; iii) 
the relationship between woody cover and soil fertility should differ between sites. 
Specifically, we expected that in sites located over soils with lower fertility would show a 
positive relationship between woody cover and soil fertility; while this relation was not 
expected in sites located over more fertile soils – site located in the central region of 
Cerrado. 
 
2.3 Material and Methods 
2.3.1 Study sites 
 The study was conducted in two sites in the Brazilian Cerrados: Experimental and 
Ecological Station of Itirapina (22º 11’ S 47º 51’ W) and the Botanical Garden of Brasilia 
(15° 50’ S 47° 49’ W). The Experimental and Ecological Station of Itirapina has 2,300 
ha, and the Botanical Garden of Brasilia has 4,500 ha. Both sites are composed by a 
complex mosaic of vegetation types of grasslands (locally called campo limpo and 
campo sujo), savannas (locally called campo cerrado, cerrado stricto sensu) and 
woodlands (locally called cerrado denso, cerradão). According to Françoso et al. (2020), 
the sites are located in distinct biogeographic districts of Cerrado, with the Experimental 
and Ecological Station of Itirapina occurring in the south district (hereafter SO-site) and 
the Botanical Garden of Brasília occurring in the central district (hereafter CE-site). The 
sites have a similar mean annual temperature (MAT; 20.9 °C in CE-site and 20.6 °C in 
SO-site), and MAP  (1465 mm in CE-site and 1433 mm in SO-site), while the SO-site 
has a stronger temperature seasonality than CE-site (Fig. S2 -1). The sites also differs in 
edaphic conditions, with SO-site occurring mainly over arenosols (Durigan et al., 1994), 
while the CE-site occurs mainly over ferralsols (Hoffmann, 1998). Arenosols are 
characterized by a high sand content, developed through the weathering of quartz rocks, 
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being characterized by a low fertility. Ferralsol, in the Cerrado, is characterized as an old 
and highly weathered soil, being also characterized by a low fertility. The main 
differences between these soil types is related to the texture, as arenosols are rich in 
sand, while ferralsols are rich in clay and silte, which affects: the soil water retention 
capacity, the lixiviation of nutrients, and the stabilization and formation of an soil organic 
matter layer (Parahyba et al., 2019; Zinn et al., 2007). 
2.3.2 Plant community sampling and characterization 
 In each one of the sites, we selected three plant communities classified according 
to canopy cover and woody basal area – grasslands, savannas and woodlands. In each 
one of the six plant communities we installed 20 plots of 25 m² (5 m X 5 m). We sampled 
woody individuals with diameter at soil height (DSH) > 1 cm and measured height, the 
DSH and identified each individual at the species level. 
 To characterize the studied communities, we measured the total woody basal 
area – the area in each plot occupied by woody plants stems (cm² m-2) –, the total 
density of woody individuals (nº of plants m-2) and species richness per plot. 
Also, we calculated the relative basal area and the relative density for each 
sampled species, in order to identify the most common species and the range of species 
distribution in each community. The relative density and basal area were calculated 
according to the following equations: 




in which ni is the total number of individuals of species i per plot (ind. m-2); and N is the 
total number of woody species per plot (ind. m-2). 




in which bai is the basal area of species i per plot (cm² m-2); and BA is the total basal 
area occupied by woody plants per plot (cm² m-2). 
 We also characterized the species richness of each community – i.e., the total 
number of species sampled – and species diversity, estimated by the Shannon index 
(H’; Maurer and McGill, 2011), according to the following equation: 




in which s is the total number of species sampled; i is the ith species; pi is the relative 
density of species i. 
 We compared the floristic similarity among the six plant communities sampled 
using the Jaccard’s index (Jost et al. 2011). The Jaccard’s index is a measure based in 
the incidence of unique and shared species between communities, and was estimated 
according to the following equation: 
𝐽 =  
𝑆
𝑆 +  𝑆 −  𝑆
 
in which, S12 is the number of species shared by communities 1 and 2; S1 is the number 
of species in community 1; S2 is the number of species in community 2. 
 
2.3.3 Soil sampling and chemical analysis 
We randomly selected 5 plots in each community and collected samples of 
superficial soil (0 – 15 cm depth). We measured the concentration of total soil nitrogen 
(N), available phosphorus (P), the concentration of total potassium (K), calcium (Ca) and 
aluminum (Al). We also measured soil pH, and soil cation exchange capacity (CEC) as a 
proxy of nutrient dynamics. The soil N concentration was determined by sulfuric acid 
digestion followed by Kjeldahl distillation (Bremner, 1996); soil P and K concentrations 
were determined following a Mehlich-1 extraction (Raij & Quaggio, 2001); soil Ca, Mg 
and Al concentration were determined following the Ethylenediaminetetraacetic Acid 
Method (EDTA method; Suarez, 1996; Bertsch and Bloom, 1996). The soil analyses 
were performed by the Sociedade de Investigações Florestais (SIF) of the Universidade 
Federal de Viçosa (UFV). 
 
2.3.4 Data analysis 
 To evaluate if the communities studied differed in plant community structure 
parameters, we performed an analysis of variance (ANOVA), considering woody plants 
density and woody basal area per plot, as well as the woody individuals’ basal area and 
height as response variables, while the site location and vegetation type were 
considered as predictive variables. We also considered the interaction between 
vegetation type and site location as predictive variables, since it was expected a 
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variation in plant community structure between vegetation types of different sites. To 
identify which communities showed differences in its structure and plant characteristics, 
we performed a post-hoc Tukey honestly significant difference (Tukey-HSD) test. 
 Also, to compare species richness among communities, we plotted an individual-
based rarefaction curve of plant species, since the communities differed in the number 
of individuals and species sampled (Gotelli & Colwell, 2011). For this, we performed 
several re-samplings using our database, randomly drawing individuals, which was then 
used to compute the interpolated mean number of species by number of individuals 
draw and the variance of the data (Gotelli & Cowell, 2011). We extrapolated the model 
to a sample size higher than the sampled by us, through the estimation of the 
asymptotic richness – fitting an asymptotic model to our data (Gotelli & Cowell, 2011).  
In order to compare the soil fertility of the communities sampled, we performed 
several ANOVAs, considering soil fertility parameters (concentration of nutrients, soil pH 
and soil CEC) as response variables, and site location and vegetation type as predictive 
variables. We also performed a principal component analysis (PCA) in order to visualize 
the data and group the communities according to their soil properties. To evaluate if the 
plant community structure of the SO-site and CE-site had different relations with soil 
fertility, we evaluated the correlation between woody basal area and soil fertility 
parameters, using the Pearson’s correlation coefficient. 
The analyses were performed using the software R v. 4.0.0, the post-hoc Tukey 
test was performed using the package ‘emmeans’ (Lenth, 2020), the model selection 
was performed using the package ‘MuMIn’ (Barton, 2020), and the figures were 
prepared using the package ‘ggplot2’ (Wickham, 2016). 
 
2.4 Results 
 The two sites studied had similar wood basal area for each vegetation types – 
i.e., grasslands, savannas and woodlands – (Table 2 - 1, Fig. 2 – 1a), but differed in the 
other plant community structure parameters. For instance, CE-site had higher plant 
density than SO-site (Table 2 - 1, Fig. 2 – 1b), indicating that the communities of CE-
sites are dominated by a high number of thin plants, while SO-sites are dominated by 




Figure 2-1: Plant community structure description of the studied sites, in terms of woody 
basal area, wood plants density, tree diameter and tree height. The light-grey boxplots 
represent the data from the Botanical Garden of Brasília (CE-site) and the dark-grey 
boxplots represent the data from the Ecological Station of Itirapina (SO-site). The data 
was log-transformed in order to normalize its distribution. The letters displayed above 
the boxplots represent the graphical display of the post-hoc Tukey test and indicates if 







Table 2-1: Results of the Analysis of Variance (ANOVA) evaluating if the community 
structure parameters (plant density, basal area and species richness) varied according 




The sites also differed in woody plant species richness and diversity. The three 
vegetation types in CE-site were richer in species and more diverse than communities 
located in SO-site (Fig. 2 - 2). Specifically, we observed that woodland and savanna of 
CE-site were the most diverse communities (H’ = 3.84 and H’ = 3.29, respectively), while 
the savannas and grasslands of SO-site were the least diverse communities (H’ = 2.71 
and H’ = 2.33, respectively). The grasslands of CE-site and woodland of SO-site had 
similar diversity (H’ = 2.90 and H’ = 2.84, respectively). The sites also differed in species 
composition, as different vegetation types within the same site shared more species 
than the same vegetation type among sites (Table 2 - 2, Table S2 - 1, Table S2 - 2). 
Indeed, of the 203 tree species sampled (138 species in CE-site and 65 species in SO-
site), only 22 species (11%) were found in both sites (Table S2 – 3). Furthermore, we 
observed that grasslands and savannas shared more species than with woodlands of 










Plant density      
Site location 1 10.95 10.95 88.76 < 0.001 
Vegetation type 2 18.52 9.26 75.03 < 0.001 
Site location * 
Vegetation type 
2 1.61 0.81 6.53 0.002 
Residuals 112 13.82 0.12   
Basal area      
Site location 1 102.1 102.1 0.46 0.50 
Vegetation type 2 21824.5 10912.2 48.87 < 0.001 
Site location * 
Vegetation type 
2 489.6 244.8 1.10 0.34 




Figure 2-2: Woody plant species rarefaction curve for the six communities sampled. The 
dashed line represents the extrapolation of the fitted model for our data, and the shaded 
area represent the confidence intervals. CE-site: community located at the Botanical 
Garden of Brasília; SO-site: community located at the Ecological and Experimental 
Station of Itirapina. 
Table 2-2: The similarity in species composition among the six studied communities 
sampled based in the Jaccard’s index of similarity. The index varies from 0 to 1, which 
indicate the percentage of species shared among communities. 
  CE-site SO-site 
  Grassland Savanna Woodland Grassland Savanna Woodland 
CE-
site 
Grassland 1.00      
Savanna 0.32 1.00     
Woodland 0.15 0.28 1.00    
SO-
site 
Grassland 0.06 0.05 0.05 1.00   
Savanna 0.13 0.12 0.10 0.26 1.00  
Woodland 0.10 0.10 0.12 0.11 0.14 1.00 
 
 The studied sites also differed in edaphic conditions (Table 2 - 3, Fig. 2 - 3). The 
soil fertility parameters were grouped in two main axes of our PCA, which explained 
72.5% of data variance (Fig. 2 – 3). The first axis of the PCA (PC1) was positively 
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related to the concentration of N, Al, Ca, K and Na, and to the soil cation exchange 
capacity, while the second axis of the PCA (PC2) was positively related to soil pH, and 
negatively related to soil concentration of P and Mg (Fig. 2 – 3). We observed that the 
sites had different soil fertility conditions. Firstly, we observed that grasslands and 
savannas of SO-site were negatively related to PC1, while woodlands of SO-site were 
positively related to PC1 and negatively related to PC2. This indicate that woodlands are 
more fertile than savannas and grasslands in SO-site. On the other hand, we did not 
observed differences in soil fertility of communities in CE-site, as the three vegetation 
types were positively related to PC1 and PC2. This indicates an overall higher fertility of 
soils in CE-site than in SO-site, and a lower difference in soil characteristics among 
vegetation types in CE-site than in SO-site. 
 
Figure 2-3: Principal Component Analysis ordination of 9 soil fertility parameters 
(arrows) from the 30 plots sampled. The plots were grouped according to the site 
location and vegetation type. CE-site: Botanical Garden of Brasília; SO-site: 




Table 2-3: Characterization of the soil chemical fertility of the six communities sampled. 
The values represent the mean and the standard deviation. The letters displayed 
represent the result of the post-hoc Tukey-HSD test, comparing the soil fertility 
parameter among vegetation types. Communities with different letter had significant 
difference in the soil fertility parameter evaluated. 
 Grassland Savanna Woodland 
 CE-site SO-site CE-site SO-site CE-site SO-site 
N (g kg-1) 0.16 ± 0.05 b 0.05 ± 0.02 a 0.11 ± 0.04 b 0.05 ± 0 a 0.17 ± 0.01 b 0.12 ± 0.03 b 
P (mg L-1) 2.72 ± 0.83 a 5 ± 2.45 ab 3.32 ± 2.44 a 2.15 ± 0.79 a 1.5 ± 0.3 a 6.76 ± 3.24 b 
K (mg L-1) 74.2 ± 72.02 b 8.2 ± 9.12 a 
39.17 ± 15.22 
ab 21.5 ± 10.75 ab 49.6 ± 13.97 ab 36 ± 7.68 ab 
Na (mg L-1) 0.5 ± 0.28 0.23 ± 0.1 0.48 ± 0.4 0.33 ± 0.14 0.27 ± 0.08 0.31 ± 0.17 
Ca2+ (cmolc L-1) 0.18 ± 0.1 0.05 ± 0.03 0.14 ± 0.07 0.14 ± 0.1 0.15 ± 0.04 0.13 ± 0.06 
Mg2+ (cmolc L-1) 0.61 ± 0.05 a 0.48 ± 0.14 a 0.71 ± 0.18 a 0.46 ± 0.13 a 0.87 ± 0.12 a 1.87 ± 0.46 b 
Al3+ (cmolc L-1) 6 ± 0.65 a 2.82 ± 0.86 b 5.95 ± 1.65 a 3.15 ± 0.29 b 8.98 ± 0.83 c 10.06 ± 2.39 c 
pH 5.52 ± 0.12 a 4.65 ± 0.09 b 5.08 ± 0.44 ab 4.69 ± 0.29 b 5.25 ± 0.08 a 3.9 ± 0.22 c 
CEC (cmolc L-1)* 6.86 ± 0.95 a 3.12 ± 1 b 6.67 ± 2.05 ac 3.67 ± 0.5 bc 9.53 ± 0.9 ad 10.6 ± 2.46 d 
*CEC: Cation exchange capacity 
 
 The relation between woody basal area and soil fertility parameters also differed 
between the sites (Fig. 2 - 4). According to the Pearson’s correlation coefficient, we 
observed an overall positive relation between woody basal area and soil fertility 
parameters in SO-site, while in CE-site this relation was either negative or null (Fig. 2 – 
4). We observed that the stronger predictor of woody basal area in SO-site was soil total 




Figure 2-4: Heatmap showing the correlations between woody basal area in CE-site 
(Botanical Garden of Brasília) and SO-site (Experimental and Ecological Station of 
Itirapina) with soil fertility parameters. Asterisks represents significative correlations 
(Pearson’s r coefficient: * < 0.05), which could be positive (red) or negative (blue). 
 
2.5 Discussion 
 Tree cover is a common parameter used to distinguish the distribution of the 
alternative stable states of vegetation, such as grasslands, savannas and woodlands, in 
the tropics (Batalha et al., 2001; Hirota et al., 2011; Ribeiro & Tabarelli, 2002; Staver et 
al., 2011). In our study, the vegetation types of the two sites had similar tree cover – i.e., 
woody basal area for each vegetation type -, indicating a consistency of this parameter 
in the classification of vegetation types of Cerrado (Fig. 2 – 1a). However, the 
communities of the two sites differed in the density of woody plants and woody species 
richness (Fig. 2 – 1b; Fig. 2 - 2). Contrary to initially expected, CE-site’s communities 
showed higher woody plants density than communities at SO-site, indicating that the 
communities in CE-site are dominated by thinner and more numerous individuals, while 
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in SO-site the communities are dominated by thicker and less numerous individuals (Fig. 
2 – 1). The differences in woody plant density and individual plants characteristics 
observed between the sites account for the differences in species richness observed, 
since species richness is positively related to plant density and negatively related to 
plant size (Niklas et al., 2003; Stevens & Carson, 1999). These results are in 
accordance with previous reports that have shown that communities located in the 
central areas of Cerrado are the most diverse (Bridgewater et al., 2004; Ratter et al., 
2003).  
 The sites also differed in plant species composition (Table 2 - 2), as only 11% of 
the total pool of species sampled co-occurred in both sites. The nesting of the 
communities species composition by site location was expected, since previous studies 
have reported a high floristic heterogeneity in Cerrado, whose territory have been 
proposed to be divided in sub-districts according to its floristic composition (Bridgewater 
et al., 2004; Françoso et al., 2020). The differences of plant species compositions 
between communities of different districts are related to biogeographical constrains, 
such as proximity with other biomes and recent process of diversification (Novaes et al., 
2013; Simon et al., 2009). Indeed, the SO-site is located next to Atlantic Forest biome, 
which might have shaped its floristic composition, while CE-site is located in the central 
region of Cerrado, with no direct border with other biomes (Françoso et al., 2020; 
Novaes et al., 2013). The differences in species composition can also be related to the 
differences in soil types between sites, as CE-site communities are located mainly over 
ferralsols and SO-site communities are mainly located over arenosols, and soils have 
been reported to shape the floristic composition of Cerrado’s communities (Abadia et al., 
2018). Furthermore, the co-occurring species sampled in our sites (Table S2 - 3) have 
been reported by previous studies as species with wide distribution in Cerrado’s territory 
(Bridgewater et al., 2004; Novaes et al., 2013). Thus, our results reinforce the distinction 
in the floristic composition of sites located in different districts of Cerrado, besides 
reinforcing the wide distribution of key-species in Cerrado territory. 
 The studied sites also differed in edaphic conditions, with SO-site communities 
located over less fertile arenosols, showing lower concentration of N and K and lower 
CEC (Table 2 – 3), than CE-site communities that are located over more fertile 
ferralsols. The differences in edaphic conditions between the sites was expected, as 
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Cerrado is characterized by a high heterogeneity in soil types, which is usually related to 
differences in soil fertility and texture (Furley & Ratter, 1988; Marques et al., 2004; Sano 
et al., 2019). Arenosols are usually less fertile than ferralsols, due its higher content of 
sand, which hampers the stabilization of soil organic carbon and the formation of a soil 
organic layer, which is rapidly lixiviated (Zinn et al., 2007). The high clay and silt content 
of ferralsols favors the formation of a soil organic layer, which retains nutrients and 
increases soil fertility (Furley & Ratter, 1988; Zinn et al., 2007). The differences in 
edaphic conditions between the sites gives important insights about the dynamics of 
vegetation types distribution of both sites. 
 The distinct edaphic conditions between sites are potentially related to 
differences between soil fertility and woody cover observed (Fig. 2 - 4). The woody basal 
area was positively related to soil K concentration at SO-site, while this relation was not 
observed at CE-site. This finding is in accordance with previous studies, as the relation 
between soil fertility and woody cover is highly inconsistent in Cerrado, with studies 
reporting a positive relation for some sites (Neri et al., 2012; Rodrigues et al., 2018; 
Ruggiero et al., 2002), while no relations are found for other sites (Bueno et al., 2018; 
Silva et al., 2013). These inconsistencies are potentially related to differences in the 
distribution dynamics of vegetation types in Cerrado, due differences in environmental 
conditions. As initially hypothesized, and according to the theoretical models, it is 
expected that low fertility areas inhibits the establishment of woody plants, and, thus, the 
woody cover is positively related to the local soil fertility (Buisson et al., 2019; Hoffmann 
et al., 2012). On the other hand, more fertile sites does not limit woody plants growth, 
and the vegetation types distribution would not be related to soil (Buisson et al., 2019; 
Hoffmann et al., 2012). Indeed, previous reports have shown that soil fertility is an 
important selective pressure in Cerrado, modulating the resource use and acquisition 
strategies of plants (Abrahão et al., 2019; Oliveira et al., 2015). Thus, our results 
indicates that variations in edaphic conditions related to soil type – i.e., arenosols and 
ferralsols -, potentially influences the transition dynamics among vegetation types of 
Cerrado, as the low fertility of arenosols potentially inhibits woody growth, whose 
distribution is dependent of the build-up of soil fertility. To better assess this hypothesis, 
further investigation should be conducted evaluating the nutrient use efficiency of woody 
species in communities growing over distinct soil types. Communities growing mainly 
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over an arenosol matrix are expected to show higher nutrient resorption efficiency than 
plant species growing in more fertile soil matrix. 
 Therefore, our results showed that the sites showed differences in plant 
characteristics and species richness and composition. The dissimilarities in species 
composition, plant community structure and edaphic conditions indicates potential 
distinctions in ecosystem functioning between sites. Indeed, we found evidences that 
soil fertility is an important factor influencing the growth of woody plants and the 
distribution of vegetation types in communities located in more infertile; while the 
distribution of vegetation types seems to be unrelated to soil conditions in more fertile 
site. This distinction is potentially related to soil type, as in arenosols the formation of an 
organic matter layer is hindered by soil texture and porosity, which increases the 
lixiviation organic matter stabilized; while in ferralsols the formation of the soil organic 
matter layer is facilitated by the high soil content of clay and silt, which promotes the 
stabilization of the organic matter layer. Therefore, the transition dynamics among 
vegetation types of Cerrado is potentially influenced by distinct mechanisms according 
to site location, being the soil type a potential indicator of the relative importance of soil 






Abadia AC, Lenza E, Mews HA, Maracahipes-Santos L, Winck N, Pessoa MJG (2018). 
Savannas on two different substrates in Brazil have a similar species diversity, 
but distinct edaphic conditions and species composition. Brazilian Journal of 
Botany, 41(1), 57–64. https://doi.org/10.1007/s40415-017-0424-x 
Abrahão A, Costa PB, Lambers H, Andrade SAL, Sawaya ACHF, Ryan MH, Oliveira RS 
(2019). Soil types filter for plants with matching nutrient-acquisition and -use traits 
in hyperdiverse and severely nutrient-impoverished campos rupestres and 
cerrado in Central Brazil. Journal of Ecology, 107(3), 1302–1316. 
https://doi.org/10.1111/1365-2745.13111 
Bárton K (2020) MuMIn: Multi-Model Inference. R package version 
  1.43.17. https://CRAN.R-project.org/package=MuMIn 
Batalha MA, Mantovani W, Júnior M, De HN (2001). Vegetation structure in cerrado 
physiognomies in South-eastern Brazil. Brazilian Journal of Biology, 61(3), 475–
483. https://doi.org/10.1590/S1519-69842001000300018 
Bertsch PM, Bloom PR (1996). Aluminum. Sparks DL, Page AL, Helmke PA, Loeppert 
RH, Soltanpour PN, Tabatai MA, Johnston CT, Sumner ME, editors. Methods of 
soil analysis, Part 3— Chemical methods.  Wisconsin: Soil Science Society of 
America, 517-550. 
Bremner JM (1996). Nitrogen—Total. Sparks DL, Page AL, Helmke PA, Loeppert RH, 
Soltanpour PN, Tabatai MA, Johnston CT, Sumner ME, editors. Methods of soil 
analysis, Part 3— Chemical methods.  Wisconsin: Soil Science Society of 
America, 1085–1121. 
Bridgewater S, Ratter JA, Ribeiro JF (2004). Biogeographic patterns, β-diversity and 
dominance in the cerrado biome of Brazil. Biodiversity & Conservation, 13(12), 
2295–2317. https://doi.org/10.1023/B:BIOC.0000047903.37608.4c 
Bueno ML, Dexter KG, Pennington RT, Pontara V, Neves DM, Ratter JA, Oliveira‐Filho 
AT (2018). The environmental triangle of the Cerrado Domain: Ecological factors 
driving shifts in tree species composition between forests and savannas. Journal 
of Ecology, 106(5), 2109–2120. https://doi.org/10.1111/1365-2745.12969 
Buisson E, Stradic SL, Silveira FAO, Durigan G, Overbeck GE, Fidelis A, Fernandes 
GW, Bond WJ, Hermann JM, Mahy G, Alvarado ST, Zaloumis NP, Veldman JW 
53 
 
(2019). Resilience and restoration of tropical and subtropical grasslands, 
savannas, and grassy woodlands. Biological Reviews, 94(2), 590–609. 
https://doi.org/10.1111/brv.12470 
Dantas VL, Hirota M, Oliveira RS, Pausas JG (2016). Disturbance maintains alternative 
biome states. Ecology Letters, 19(1), 12–19. https://doi.org/10.1111/ele.12537 
Durigan G, Leitão HF, Rodrigues RR (1994). Phytosociology and structure of a 
frequently burnt Cerrado vegetation in SE-Brazil. Flora, 189(2), 153–160. 
https://doi.org/10.1016/S0367-2530(17)30582-0 
Françoso RD, Dexter KG, Machado RB, Pennington RT, Pinto JRR, Brandão RA, Ratter 
JA (2020). Delimiting floristic biogeographic districts in the Cerrado and assessing 
their conservation status. Biodiversity and Conservation, 29(5), 1477–1500. 
https://doi.org/10.1007/s10531-019-01819-3 
Furley PA (1986). Classification and distribution of murundus in the Cerrado of central 
Brazil. Journal of Biogeography, 13(3), 265. https://doi.org/10.2307/2844925 
Furley PA, Ratter JA (1988). Soil resources and plant communities of the central 
Brazilian Cerrado and their development. Journal of Biogeography, 15(1), 97–
108. https://doi.org/10.2307/2845050 
Gotelli NJ, Colwell BJ (2011). Estimating species richness. Magurran AE, McGill BJ, 
editors. Biological diversity: frontiers in measurement and assessment. New York: 
Oxfor University Press, 39 – 54. 
Hirota M, Holmgren M, Nes EHV, Scheffer M (2011). Global resilience of tropical forest 
and savanna to critical transitions. Science, 334(6053), 232–235. 
https://doi.org/10.1126/science.1210657 
Hoffmann WA (1998). Post-burn reproduction of woody plants in a neotropical savanna: 
The relative importance of sexual and vegetative reproduction. Journal of Applied 
Ecology, 35(3), 422–433. https://doi.org/10.1046/j.1365-2664.1998.00321.x 
Hoffmann WA, Geiger EL, Gotsch SG, Rossatto DR, Silva LCR, Lau OL, Haridasan M, 
Franco AC (2012). Ecological thresholds at the savanna-forest boundary: How 
plant traits, resources and fire govern the distribution of tropical biomes. Ecology 
Letters, 15(7), 759–768. https://doi.org/10.1111/j.1461-0248.2012.01789.x 
54 
 
Jost L, Chao A, Chazdon R (2011). Compositional similarity and beta diversity. 
Magurran AE, McGill BJ, editors. Biological diversity: frontiers in measurement 
and assessment. New York: Oxfor University Press, 66 – 84. 
Lehmann ER, Archibald SA, Hoffmann WA, Bond WJ (2011). Deciphering the 
distribution of the savanna biome. New Phytologist, 191(1), 197–209. 
https://doi.org/10.1111/j.1469-8137.2011.03689.x 
Lenth R (2020). emmeans: Estimated Marginal Means, aka Least-Squares Means. R 
package version 1.4.8. https://CRAN.R-project.org/package=emmeans 
Marques JJ, Schulze DG, Curi N, Mertzman SA (2004). Major element geochemistry 
and geomorphic relationships in Brazilian Cerrado soils. Geoderma, 119(3), 179–
195. https://doi.org/10.1016/S0016-7061(03)00260-X 
Maurer BA, McGill BJ (2011). Measurement of species diversity. Magurran AE, McGill 
BJ, editors. Biological diversity: frontiers in measurement and assessment. New 
York: Oxfor University Press, 55 – 65. 
Neri AV, Schaefer CEGR, Silva AF, Souza AL, Ferreira-Junior WG, Meira-Neto JA 
(2012). The influence of soils on the floristic composition and community structure 
of an area of Brazilian Cerrado vegetation. Edinburgh Journal of Botany, 69(1), 
1–27. https://doi.org/10.1017/S0960428611000382 
Niklas KJ, Midgley JJ, Rand RH (2003). Size-dependent species richness: Trends within 
plant communities and across latitude. Ecology Letters, 6(7), 631–636. 
https://doi.org/10.1046/j.1461-0248.2003.00473.x 
Novaes RML, Ribeiro RA, Lemos-Filho JP, Lovato MB (2013). Concordance between 
phylogeographical and biogeographical patterns in the Brazilian Cerrado: 
Diversification of the endemic tree Dalbergia miscolobium (Fabaceae). PLoS 
ONE, 8(12). https://doi.org/10.1371/journal.pone.0082198 
Oliveira RS, Galvão HC, Campos MCR, Eller CB, Pearse SJ, Lambers H (2015). Mineral 
nutrition of campos rupestres plant species on contrasting nutrient-impoverished 
soil types. New Phytologist, 205(3), 1183–1194. 
https://doi.org/10.1111/nph.13175 
Parahyba RDBV, Araújo MDSBD, Almeida BGD, Rolim Neto FC, Sampaio EVSB, 
Caldas AM (2019). Water retention capacity in Arenosols and Ferralsols in a 
55 
 
semiarid area in the state of Bahia, Brazil. Anais Da Academia Brasileira de 
Ciências, 91(4). https://doi.org/10.1590/0001-3765201920181031 
R Core Team (2020). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/. 
Ratter JA, Bridgewater S, Ribeiro JF (2003). Analysis of the floristic composition of the 
Brazilian Cerrado vegetation III: comparison of the woody vegetation of 376 
areas. Edinburgh Journal of Botany, 60(1), 57–109. 
https://doi.org/10.1017/S0960428603000064 
Ribeiro LF, Tabarelli M (2002). A structural gradient in Cerrado vegetation of Brazil: 
Changes in woody plant density, species richness, life history and plant 
composition. Journal of Tropical Ecology, 18(5), 775–794. 
https://doi.org/10.1017/S026646740200250X 
Rodrigues PMS, Schaefer CEGR, Oliveira Silva J, Ferreira Júnior WG, Santos RM, Neri 
AV (2018). The influence of soil on vegetation structure and plant diversity in 
different tropical savannic and forest habitats. Journal of Plant Ecology, 11(2), 
226–236. https://doi.org/10.1093/jpe/rtw135 
Ruggiero PGC, Batalha MA, Pivello VR, Meirelles ST (2002). Soil-vegetation 
relationships in Cerrado (Brazilian savanna) and semideciduous forest, 
Southeastern Brazil. Plant Ecology, 160(1), 1–16. 
https://doi.org/10.1023/A:1015819219386 
Sano EE, Rodrigues AA, Martins ES, Bettiol GM, Bustamante MMC, Bezerra AS, Couto 
AF, Vasconcelos V, Schüler J, Bolfe EL (2019). Cerrado ecoregions: A spatial 
framework to assess and prioritize Brazilian savanna environmental diversity for 
conservation. Journal of Environmental Management, 232, 818–828. 
https://doi.org/10.1016/j.jenvman.2018.11.108 
Sano EE, Rosa R, Brito JLS, Ferreira LG (2010). Land cover mapping of the tropical 
savanna region in Brazil. Environmental Monitoring and Assessment, 166(1), 
113–124. https://doi.org/10.1007/s10661-009-0988-4 
Silva LCR, Hoffmann WA, Rossatto DR, Haridasan M, Franco AC, Horwath WR (2013). 
Can savannas become forests? A coupled analysis of nutrient stocks and fire 
56 
 
thresholds in central Brazil. Plant and Soil, 373(1–2), 829–842. 
https://doi.org/10.1007/s11104-013-1822-x 
Silveira FAO, Arruda AJ, Bond W, Durigan G, Fidelis A, Kirkman K, Oliveira RS, 
Overbeck GE, Sansevero JBB, Siebert F, Siebert SJ, Young TP, Buisson E 
(2020) Myth-busting tropical grassy biome restoration. Restoration Ecology. 
https://doi.org/10.1111/rec.13202 
Simon MF, Grether R, Queiroz LP, Skema C, Pennington RT, Hughes CE (2009). 
Recent assembly of the Cerrado, a neotropical plant diversity hotspot, by in situ 
evolution of adaptations to fire. Proceedings of the National Academy of 
Sciences, 106(48), 20359–20364. https://doi.org/10.1073/pnas.0903410106 
Staver AC, Archibald S, Levin SA (2011). The Global Extent and Determinants of 
Savanna and Forest as Alternative Biome States. Science, 334(6053), 230–232. 
https://doi.org/10.1126/science.1210465 
Stevens MHH, Carson WP (1999). Plant Density Determines Species Richness Along 
an Experimental Fertility Gradient. Ecology, 80(2), 455–465. 
https://doi.org/10.1890/0012-9658(1999)080[0455:PDDSRA]2.0.CO;2 
Suarez DL (1996). Beryllium, Magnesium, Calcium, Strontium, and Barium. Sparks DL, 
Page AL, Helmke PA, Loeppert RH, Soltanpour PN, Tabatai MA, Johnston CT, 
Sumner ME, editors. Methods of soil analysis, Part 3— Chemical methods.  
Wisconsin: Soil Science Society of America, 575 - 601. 
Wickham H (2016). ggplot2: Elegant graphics for data analysis. New York: Springer-
Verlag. 
Zinn YL, Lal R, Bigham JM, Resck DVS (2007). Edaphic controls on soil organic carbon 
retention in the Brazilian Cerrado: Texture and mineralogy. Soil Science Society 
of America Journal, 71(4), 1204–1214. https://doi.org/10.2136/sssaj2006.0014  








Figure S2-1: Macroclimatic conditions characterization of Botanical Garden of Brasília 
(A; CE-site) and the Ecological and Experimental Station of Itirapina (B; SO-site). The 
blue bars represent the total monthly precipitation and the red line represent the mean 
monthly temperature.  
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Table S 2-1: Relative density of the most frequent species – i.e., species that represents 
50% at least of the individuals sampled - in the grasslands, savannas and woodlands of 
each site sampled (Botanical Garden of Brasília: CE – site; Experimental and Ecological 
Station of Itirapina: SO – site). 











     
Grassland Baccharis retusa 0.25 Miconia albicans 0.31 
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0.09 Miconia albicans 0.13 
 Myrsine gardneriana 0.09   
 Dalbergia miscolobium 0.06   
     
Woodland Ocotea spixiana 0.10 Xylopia aromatica 0.31 




0.06 Ocotea pulchella 0.07 
 Guapira graciliflora 0.04 Miconia albicans 0.07 
 Ouratea hexasperma 0.04   
 Virola sebifera 0.04   
 Miconia albicans 0.03   
 Ocotea pomaderroides 0.03   
 Baccharis retusa 0.03   
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 Collaea speciosa 0.03   




Table S 2-2: Relative basal area of the most frequent species – i.e., species that 
represents at least 50% of the basal area sampled - in the grasslands, savannas and 
woodlands of each site sampled (Botanical Garden of Brasília: CE – site; Experimental 
and Ecological Station of Itirapina: SO – site). 
  











     




 Baccharis retusa 0.21   
 Davilla elliptica 0.17   
     




 Miconia burchellii 0.12   
 Roupala montana 0.12   
 Qualea grandiflora 0.05   
     
     
Woodland Ocotea pomaderroides 0.17 Dalbergia miscolobium 0.18 




 Qualea multiflora 0.07 Ocotea pulchella 0.09 
 Virola sebifera 0.07 Xylopia aromatica 0.08 
 Myrcia multiflora 0.07 Pouteria torta 0.08 




Table S 2-3: List of species that co-occurs in both sites sampled. 
Species Family 
Aegiphila verticillata Lamiaceae (Martinov) 
Annona crassiflora Annonaceae (Juss.) 
Aspidosperma tomentosum Apocynaceae (Juss.) 
Bowdichia virgilioides Fabaceae (Lindl.) 
Byrsonima coccolobifolia Malpighiaceae (Juss.) 
Byrsonima intermedia Malpighiaceae (Juss.) 
Connarus suberosus Connaraceae (R.Br.) 
Cordiera sessilis Rubiaceae (Juss.) 
Dalbergia miscolobium Fabaceae (Lindl.) 
Diospyros lasiocalyx Ebenaceae (Gürke) 
Erythroxylum suberosum Erythroxylaceae (Kunth) 
Guapira noxia Nyctaginaceae (Juss.) 
Handroanthus ochraceus Bignoniaceae (Juss.) 
Kielmeyera coriacea Calophyllaceae (J.Agardh) 
Miconia albicans Melastomataceae (A. Juss.) 
Myrcia splendens Myrtaceae (Juss.) 
Myrsine guianensis Primulaceae (Batsch ex Borkh.) 
Qualea grandiflora Vochysiaceae (A.St.-Hil.) 
Qualea multiflora Vochysiaceae (A.St.-Hil.) 
Schefflera macrocarpa Araliaceae (Juss.) 
Tocoyena formosa Rubiaceae (Juss.) 





3 Termites are key drivers of short-term deadwood decay in grasslands and 
savannas, but not in woodlands of Brazilian Cerrado. 
3.1 Abstract 
1. The impact of deadwood in ecosystems is dependent on its longevity, which is 
determined by the decay rates. While macroclimate is a strong determininant of 
deadwood decay, significant variation in decay within a given macroclimatic envelope has 
been reported. Such variation may be related to local-scale microenvironmental 
conditions as regulated by the plant community structure (e.g., canopy closure) and 
presence of specific biotic and abiotic decay agents, decoupling the relation between 
macroclimate conditions and deadwood decay rates. In this study, we evaluated the 
relation between local-scale variation in plant community structure with the decay rates of 
deadwood and the relative importance of biotic (microorganisms, termites) and abiotic 
(solar radiation) decay agents in deadwood decay in Brazilian Cerrado  
2. We performed a standardized wood block test using Pinus taeda wood. To 
evaluate the effects of local-scale environmental variation as regulated by plant 
community structure on deadwood decay, the wood blocks were installed in three 
vegetation types differing in canopy cover – grasslands, savannas and 
woodlands – in three Cerrado sites, used as replicates of the experiment. The 
wood blocks were divided into three treatments, according to the decomposer 
agent access to deadwood – microorganism, termite and solar radiation. 
3. Termites were a key driver of deadwood decay, decomposing wood twice as fast as 
microbes, while, solar radiation was not a strong driver of deadwood decay, despite the 
high exposure to radiation. Additionally, local-scale variation in plant community structure 
affected deadwood decay rates, as deadwood decay rates and frequency of termite 
attack decreased with increasing canopy cover. 
4. Our study found a consistent and key role of termites in deadwood decay across 
Cerrado vegetation types. Furthermore, our study highlights the interactive effects 
of fine-scale variation in plant community structure and termites on deadwood 
turnover, mainly due to differences in termite foraging behavior among vegetation 
types. These results improve our understanding of the impacts of vegetation 
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conversion, such as woody encroachment in grasslands and savannas, on the 





 Deadwood, including dead trees, fallen trunks and branch fragments, is an 
important component of ecosystem structure and function (Jia-bing et al. 2005; 
Lassauce et al. 2011). It promotes ecosystem biodiversity, since it is an important 
habitat for wildlife species, and it is also a substrate and source of energy and nutrients 
for saproxylic insects and microorganisms (Jia-bing et al. 2005; Lassauce et al. 2011). It 
is an important component of nutrient and carbon (C) stocks, affecting ecosystem 
nutrient dynamics locally and globally (Pan et al. 2011; Magnússon et al. 2016). Indeed, 
deadwood is estimated to contain 73 ± 6 Pg of C, approximately 8% of the current C 
stocked in forests and woodlands worldwide (Pan et al. 2011). Furthermore, deadwood 
impacts the nutrient distribution in soil, affecting plant productivity and community 
dynamics (Marañón-Jiménez and Castro 2013). Therefore, deadwood accumulation and 
its decay dynamics play a major role in C and nutrient cycling dynamics. 
Deadwood decomposition is performed either by biotic agents, such as 
saprophytic microorganisms and invertebrates, or by abiotic agents, such as solar 
radiation (Austin and Vivanco 2006; Ulyshen 2016; Bani et al. 2018). Overall, the effects 
of these biotic and abiotic agents over deadwood decay are influenced by environmental 
conditions, especially climatic conditions. For instance, microorganisms metabolism is 
directly regulated by temperature and humidity, whose activity is higher in wet and warm 
than in dry and cold areas of the globe (Crowther et al. 2019). Furthermore, termites 
abundance and richness is also related to climatic conditions, especially variations in 
temperature, whose distribution is limited mainly to the warm tropics and sub-tropics, 
with high abundance and diversity in the equatorial region (Bignell and Eggleton 2000; 
Davies et al. 2003; Cerezer et al. 2020). On the other hand, in arid and semi-arid 
regions with low canopy cover and high radiation incidence, solar radiation is an 
important driver of organic matter decay – i.e. photodegradation (King et al. 2012). The 
effects of climate in biotic agents abundance and activity, and in the intensity and 
incidence of abiotic agents over dead substrate, leads to a global patterns of dead 
organic matter decay, with an overall faster decay rates in ecosystems located in lower 
latitudes than in ecosystems located in higher latitudes (King et al. 2012; Magnússon et 
al. 2016; Crowther et al. 2019). However, despite following this global pattern, a 
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significant variation in dead organic matter is still observed in ecosystems under similar 
climatic conditions (Bradford et al. 2014, 2016). 
Recent work suggests the decomposer community activity is more strongly 
affected by within ecosystem than among ecosystem environmental condition shifts 
(Bradford et al. 2014, 2016, 2017; Ali et al. 2018; Crowther et al. 2019). Indeed, 
deadwood decay dynamics vary within ecosystems due to local-scale variations in biotic 
and abiotic conditions (Bradford et al. 2014, 2016, 2017; Ali et al. 2018; Crowther et al. 
2019). In this context, plant community structure may be an ecosystem parameter that 
shapes local-scale environmental conditions and influences the activity of decomposer 
agents (Eichenberg et al. 2017; Joly et al. 2017). Canopy closure is positively related to 
the understory humidity and negatively related to temperature and amount of radiation 
that reaches the understory (Jennings et al. 1999; Martius et al. 2004; Frenne et al. 
2013). Therefore, the effects of canopy cover in local-scale climatic conditions – i.e., 
understory microclimatic conditions - are expected to differently affect decay agent 
activity. Microorganism activity is expected to increase with canopy closure, since 
microorganisms are dependent on adequate substrate humidity (Schimel et al. 2007). 
On the other hand, photodegradation would decline with canopy closure, since canopy 
intercepts solar radiation absorbing, scattering and reflecting solar radiation before it 
reaches the soil (Brandt et al. 2010; Hardwick et al. 2015). Finally, termites activity is not 
expected to be related to canopy closure, since termites are less sensitive to fluctuations 
in microclimatic conditions, as they create buffered environments through the 
construction of mounds or changes in soil physical properties (Lavelle et al. 2006; 
Veldhuis et al. 2017). Thus, plant communities with distinct canopy structure are 
expected to differ in the deadwood decay dynamics, due to the effects of canopy 
structure on decay agents activity. 
 The Brazilian Cerrado is a biome with high environmental heterogeneity, which 
can result in specific deadwood turnover dynamics. Cerrado originally covered 
approximately 200 million hectares (Mha) of central Brazil (Sano et al. 2010), and is an 
important component of C storage, as it is estimated to store 0.6 – 40 MgC ha-1 in 
above- and belowground biomass, and an estimate stock of 100 – 174 MgC ha-1 in soils 
(Batlle-Bayer et al. 2010). The wide range of variation of C stock in Cerrado is partially 
related to local-scale variations in plant community structure (Batlle-Bayer et al. 2010), 
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since the Cerrado is characterized as a mosaic of vegetation types – i.e., grasslands, 
savannas and woodlands – that coexists under a similar climatic condition as alternative 
stable states of vegetation (Ribeiro and Tabarelli 2002; Hirota et al. 2011; Staver et al. 
2011). The differences in C stock among these vegetation types is expected to be 
partially related to the differences in tree cover (Hoffmann et al. 2005; Dantas et al. 
2013), which impacts the C storage in living biomass. On the other hand, it is also 
expected that the vegetation types differ in C stocked in dead biomass, due to 
differences in decomposition patterns. These vegetation types are distinguished by the 
canopy closure (Hoffmann et al. 2005; Dantas et al. 2013), which should lead to 
predictable differences in the local-scale climatic conditions – i.e., microclimatic 
conditions – and, consequently, to different patterns in dead organic matter decay. Thus, 
an understanding of the effects of local-scale variation in plant community structure on 
organic matter decay dynamics is critical to improve the understanding of C storage and 
flux across the Cerrado. 
 In this study, we evaluated the interplay between local-scale variations in 
environmental conditions – i.e., as regulated by vegetation types - and the relative 
importance of different decay agents – termites, microorganisms and solar radiation – in 
the dynamics and decay rates of deadwood in the Cerrado. For this, we evaluated the 
deadwood decay dynamics following a standardized protocol for wood block test 
(Cheesman et al. 2018), in grasslands, savannas and woodlands of three sites of 
Cerrado. In this context, we investigated if: 1) the access of different decay agents to 
wood baits would significantly impact the decay rates of deadwood. Specifically, we 
expected that the presence of termites would consistently increase the decay rates of 
deadwood in relation to wood baits consumed either by microorganisms or by 
microorganisms + radiation. 2) local-scale variation in plant community structure – i.e., 
vegetation types: grasslands, savannas and woodlands – would determine the presence 
of different decay agents that affect deadwood decay rates. Specifically, we expected 
that the decay rates of deadwood by 1. microorganisms would be higher in woodlands 
than in savannas and grasslands, 2. photodegradation would be higher in grasslands 
than in woodlands and savannas and 3. termites would be unrelated to fine-scale 





3.3.1 Study site 
 The study was conducted in three sites of Brazilian Cerrado: Experimental and 
Ecological Station (EES) of Itirapina (22º 11’ S 47º 51’ W); Botanical Garden of Brasilia 
(15° 50’ S 47° 49’ W); and the National Park of Serra da Canastra (20° 00' S 46° 15' W; 
Fig. 1). The three sites provide a significant sampling of large-scale variation in the biotic 
and abiotic conditions in the Cerrado, as the sites are located in three different 
biogeographical provinces of Cerrado (Sano et al. 2019; Françoso et al. 2020). The 
biogeographical provinces shows significant differences mainly in plant species 
composition, but also in environmental conditions (Sano et al. 2019; Françoso et al. 
2020). The studied sites are located in the following provinces: Botanical Garden of 
Brasília is located in the Central province (hereafter as CE-site); National Park of Serra 
da Canastra is located in the South-eastern province (hereafter as SE-site); and EES of 
Itirapina is located in the South province (hereafter as SO-site; Françoso et al. 2020). 
The SO-site, CE-site and SE-site had a mean altitude of 730 m, 890 m and 1110 m, 
respectively. Historically, the sites have low macroclimatic variation, as the SO-site, CE-
site and SE-site have a mean annual precipitation of 1455 mm, 1476 mm and 1263 mm, 
respectively; and a mean temperature of 26.87 °C (24 – 29 °C), 26.88 °C (23 – 30 °C) 
and 29.18 °C (26 – 32 °C), respectively (INMET, 2020). The studied sites were used as 
replicates of the experiment, to evaluate if the effects of fine-scale variation in plant 
community structure and the relative importance of decay agents consistently impacts 





Figure 3-1: Map with the location of the three sites – represented by circles - in which 
the study was conducted. CE-site – Central province site of Botanical Garden of Brasília; 
SE-site – South Eastern province site of the National Park of Serra da Canastra; SO-site 
– South province site of the Experimental and Ecological Station of Itirapina. The area in 
the map shaded in light grey represents the original distribution of the Brazilian 
Cerrados. 
 
 The three sites are comprised of a mosaic of vegetation types, predominantly 
grasslands (campo limpo, campo sujo), savannas (cerrado stricto sensu) and woodlands 
(cerradão). These vegetation types are defined according to the relative abundance of 
tree and grass layers, and also to canopy closure and tree heights. Specifically, campo 
70 
 
limpo: grasslands without trees and with sparsely distributed, rare small shrubs; campo 
sujo: open savanna with scattered shrubs and small trees, with 2 – 3m of height; 
cerrado stricto sensu: savanna, with well-defined tree and grass layers; cerradão: 
woodland, usually with absence of the grass layer and a closed canopy, with canopy 
height of 13 m (Coutinho 1990; Furley 1999). 
 
3.3.2 Experimental design 
 To assess the effects of decay agents and fine-scale variations in plant 
community structure on deadwood decomposition, we followed a standardized protocol 
for wood block test (Cheesman et al. 2018). For this, we evaluated the decomposition of 
Pinus taeda L. wood in different sites and vegetation communities using the nylon bag 
technique (Graça et al. 2007). We used wood of only one species to minimize the effects 
of interaction between wood chemical traits and environmental conditions, as we wanted 
to focus on the interaction between decay agent and environmental conditions using a 
common substrate. We selected P. taeda since this species is vulnerable to termite and 
microorganism infection. Additionally, because it is an exotic species, possible effects of 
decomposers specialization to local litter and deadwood (‘Home field advantage’; Ayres 
et al. 2009; Veen et al. 2015) are likely minimized. 
 We harvested seven trees of P. taeda at the Ecological Station of Forestry 
Sciences of Itatinga (ESALQ-USP), cut them in blocks of approximately 4.5 cm X 5 cm X 
17.9 cm and air dried at 120 °C for 48 hrs. The wood blocks were encased in nylon 
mesh with a 300 μm of aperture to exclude termites. The wood blocks were divided in 
three treatments, according to the decomposer agent that had access to the wood block: 
1) Microorganisms (M baits): litter bags were covered with a 75% shade cloth, to avoid 
the decomposition by radiation; 2) Microorganisms + Radiation (MR baits): the litter bags 
were installed in field without shade cloth; 3) Microorganisms + Termites (MT baits): litter 
bags with 10 punched holes of 5 mm of diameter on the underside of the litter bag, to 
allow the access by termites, and cover litter bags with 75% shade clothe (Fig. S1). The 
experiment was deployed in July 2017 following a block design. Each block (hereafter 
bait station; bs) was composed of two litter bags of each treatment, which were 
recovered after one year (July of 2018) and two years (July 2019) incubation. The 
experiment was installed in eight plant communities: three at SO-site (woodland, 
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savanna and grassland), three at CE-site (woodland, savanna and grassland), and two 
at SE-site (savanna and grassland; Fig. 1). We did not install the experiment in 
woodlands at SE-site, since the woodlands present in the site were fragments of 
Seasonally Dry Atlantic Forest and gallery forests, and no Cerrado woodland (cerradão) 
was available at the site. In each community, we installed 20 BS in a rectangular area of 
100 m (W – E) by 80 m (N – S), maintaining a distance of 20 m among them (Fig. S1). 
For the analyses of this study, we did not consider the data from the savanna sites of 
SE-site, because in September 2017 (two months after the setting of the experiment) a 
wildfire damaged the majority of bait stations installed in this area, burning the wood 
blocks and the nylon mesh of most baits.  
 To characterize the fine-scale variation in plant community structure and 
microclimatic conditions, we measured the leaf area index (LAI) as a proxy for canopy 
closure, using the plant canopy analyzer (Licor® LAI-2200C) for each bait station. The 
measurements were made at 60 cm height above soil. The sites showed a similar 
pattern of LAI variation among vegetation types, with low LAI in grasslands and high LAI 
in woodlands, as expected (Fig. S4).  
 
Wood blocks harvesting and processing 
 The blocks were harvested in the field and sealed in plastic bags to minimize 
contamination among bags until they could be processed in the laboratory. The blocks 
were kept in this condition during transportation to laboratory, which could take a 
maximum of five days. In the laboratory, the wood blocks were readily prepared for 
analysis, as wood blocks were removed from nylon mesh and cleaned, removing any 
residual of soil, litter and termite activity – i.e., carton and imported soil. As we 
encountered termites, we collected samples of workers and soldiers, which were stored 
in 80% alcohol until identification. Wood blocks with signs of termite activity – i.e., 
termite presence, carton, imported soil or tunneling – were also recorded. After cleaning, 
the blocks were placed inside paper bags and air dried at 120 °C for 48 hours, and then 
measured for a final dry mass. We calculated the mass loss rate – i.e., the ratio of mass 
lost per initial mass per days of incubation (g g-1 day-1) - of each wood block according to 
the following equation (Joly et al. 2017): 
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 (𝑔 𝑔  𝑑𝑎𝑦 ) =
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 − 𝐹𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠)




In which Initial mass corresponds to wood bait mass before deployment; Final mass 
corresponds to the wood bait mass after harvesting and after being processed in 
laboratory; Days since incubation corresponds to the time the wood bait was kept in field 
conditions. 
 
3.3.3 Statistical analysis 
 To evaluate the effects of decay agents and local-scale variations in plant 
community structure in deadwood decay rates we performed a linear mixed effect model 
(LME) analysis. For this analysis, we considered wood block mass-loss rate as the 
response variable and year since incubation, vegetation type and treatment (i.e., decay 
agents able to access the wood bait) as predictive variables. In this analysis, vegetation 
type was used as proxies for local-scale variations in environmental conditions. The 
model included an interaction term between treatment and vegetation type, since decay 
agent activity could be differently affected by plant community structure. We considered 
the bait stations nested in site location as random variables, with measurements 
repeated through time. We also calculated the marginal and conditional R², to evaluate 
the variance explained by only fixed effects, as well as by both fixed and random 
variables, respectively (Nakagawa and Schielzeth 2013). Using both marginal and 
conditional R² we can evaluate the influence of site location and also the relevance of 
fine-scale variation in environmental conditions – integrated by our random effect 
variables: site location and bait station - in the mass-loss rate of wood blocks. To identify 
the differences in deadwood decay rate among vegetation types and treatments, we 
performed a post-hoc Tukey test. 
 To evaluate the effect of termite presence on the mass-loss rate of wood, and if 
the mass-loss rate by termite was related to local-scale environmental variations, we 
performed an LME considering only baits in which termites could access 
(microorganisms + termites’ baits). These baits were divided in two groups: baits with 
termites’ activity presence – i.e., carton, imported soil, termite individuals -, and baits 
without signs of termites’ activity. We considered wood block mass-loss as the response 
variable, and year since incubation and the interaction between termite activity 
presence/absence with vegetation type as predictive variables. Similar to the previous 
analysis, we considered vegetation type as proxy for local-scale variation in 
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environmental conditions. The model included an interaction term between termite 
presence/absence and vegetation type to confirm if termite activity was affected by local-
scale variations in plant community structure. Also, we considered the bait stations 
nested in site location as random variables, with measurements repeated through time. 
To identify the differences in deadwood decay rate among vegetation types and termite 
activity presence, we performed a post-hoc Tukey-Kramer test, as the data was 
unbalanced. Also, to evaluate if the number of wood blocks with termites damaged were 
related to local-scale variations in environmental conditions, we performed a chi-square 
analysis comparing the number of wood blocks with termite activity – i.e., termite 
presence, tunnelling, carton – among vegetation types and between time of incubation. 
 Finally, we evaluated if the mass-loss rates of wood blocks were related to LAI 
and if this relation was affected by wood bait treatments. For this, we performed and 
LME, considering wood block mass-loss rate as the response variable and LAI as 
predictive variable, while year since incubation and treatment were considered as co-
variables. We also evaluated if the presence of termite damage to wood blocks was 
related to local-scale variation in community canopy closure. For this, we performed a 
binomial regression, considering termite presence/absence inside wood blocks – only for 
microbial + termite baits – as response variable, and the LAI and year since incubation, 
as predictive variables. 
 All analyses and figures were performed using R v4.0.0 (R Development Core 
Team, 2020), using the packages: lme4 (Bates et al. 2015) for LME and binomial 




 The vegetation types differed significantly in canopy cover (Fig 3 - S2). Forest 
had 3.5x higher LAI than savanna and savanna had 8.4x higher LAI than grassland (Fig. 
3 - S2). These local-scale differences in plant community structure significantly affected 
the deadwood mass-loss rate, however this effect was dependent on the decay agent 
considered, as the interaction between wood bait treatment and vegetation type was 
significant (Fig. 3 - 2, Table 3 - 1). The decay rates of both microorganisms and 
microorganisms + solar radiation wood baits did not vary among vegetation types (Fig. 3 
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- 2). On the other hand, the decay rates of microorganisms + termites wood baits were 
significantly lower in woodlands than in grasslands and savannas (Fig. 3 - 2). 
Furthermore, we observed that the exposition of wood baits to different decay agents 
had significant effects in its decay rates (Fig. 3 – 2). Overall, the exposition of wood baits 
to termites doubled its mean decay rates in relation to wood baits exposed only to 
microorganisms and microorganisms + radiation (Fig. 3 – 2). On the other hand, the 
exposition of wood baits to radiation did not increased its decay rates in relation to wood 






Figure 3-2: Wood block decay rates according to vegetation type (different colors) and 
decay agents’ access to the wood baits. A) Wood blocks decay rates after 1 year since 
incubation; B) Wood blocks decay rates after 2 years since incubation. The letters above 
box-plots are the results of the post-hoc Tukey test comparing the decay rates of wood 










Table 3-1: Results of the linear mixed effect model (LME) evaluating the effects of wood 
baits treatments – i.e., access of distinct decay agents to wood blocks -, vegetation 








Treatment 42.40 21.20 61.26 < 0.001 
Vegetation type 0.89 0.45 1.29 0.28 
Time since incubation 22.95 22.95 66.33 < 0.001 
Vegetation type : Treatment 5.52 1.38 3.99 0.003 
 
 
The differences in the decay rates of microorganisms + termite baits among 
vegetation types could be due to either differences in termite activity in finding the wood 
baits and/or consumption rates once baits were found. Interestingly, we found decay 
rates were unrelated to effects of plant community structure on termite consumption of 
found baits, since the decay rates of wood blocks with termite presence did not differ 
among vegetation types (Fig. 3 - 3, Table 3 - 2). Overall, we observed that wood baits 
with presence of termites’ activity decayed 2.7x faster than wood baits without termites 
activity. The proportion of wood blocks with presence of termite activity differed among 
vegetation type in both years of incubation (one year harvest: X2 (2, 138) = 24.63, p-value 




Figure 3-3: Effects of termite activity – termite presence – in mass-loss rate of wood 
blocks according to vegetation type and year of incubation. We compared the decay 
rates between blocks in which termites were present with wood blocks in which no mark 
of termite attack was identified – considering only MT baits. The number above each 
boxplot represents the number of samples with and without termite presence in each 
vegetation type. The letters above box-plots are the results of the post-hoc Tukey-
Kramer test comparing the decay rates of wood blocks according to termite activity – 








Table 3-2: Results of the linear mixed effect model (LME) evaluating the effects of 
termite activity on the mass-loss rate of wood blocks, according to vegetation type and 
incubation time. For this analysis, only blocks of MT treatment – blocks that allowed the 









Termite presence 1, 135 43.79 43.79 97.56 < 0.001 
Vegetation type 2, 135 3.47 1.73 3.86 0.17 
Time since incubation 1, 135 4.45 4.45 9.91 0.002 
Vegetation type * Termite presence 2, 135 2.78 1.39 3.10 0.05 
 
Indeed, deadwood mass-loss rate was also related to canopy closure, and this 
relation was dependent on the decay agent considered, as the interaction between LAI 
and wood bait treatment was significative (Fig. 3 - 4, Table 3 - 3). These results indicate 
that the vegetation community structure potentially affects the foraging habit of termite, 








Figure 3-4: Relation between canopy closure – estimated by leaf area index (LAI) – and 
wood block termite presence (1) and absence (0). We considered only block in which 
termites could access the wood – microorganisms + termite baits. Solid lines represent 
the binomial model built. The dashed line represents the LAI in which the chance of 
finding signs of termite presence inside wood blocks was of 50%, according to the 
model. The different figures represent the year since incubation: 1 year after incubation 
(A); 2 years after incubation (B).  
 
Table 3-3: Generalized linear mixed model (GLMMM) results evaluating the relation 
between the presence of termite activity in wood blocks and leaf area index (LAI), 
considering the year since incubation as covariate. 
 
Estimate Standard  
error 
z-value p-value 
LAI -0.97 0.17 -5.69 < 0.001 
Time since incubation 1.00 0.32 3.12 0.002 
 
Site location and vegetation type also affected termite species composition and 
richness. Five termite species were present inside the woodblocks: two subterranean 
termites (family Rhinotermitidae), Heterotermes tenuis and Heterotermes longiceps, and 
three higher termites (family Termitidae), Diversitermes tiapuan, Parvitermes 
bacchanalis, and Nasutitermes sp. (Table 3 - 4). Subterranean termites of genus 
Heterotermes were found in all three sites and in all vegetation types. The sites differed 
in relation to the occurrence and abundance of each termite species. While at SO-site 
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and SE-site the most common species was H. tenuis. at CE-site the most common 
species was H. longiceps. Higher termites were present only in the savanna at SO-site 
and the grassland at CE-site, and all species were nasutes (subfamily Nasutitermitinae). 
The richness of termites found inside woodblocks differed among vegetation types and 
sites. At SO-site, the higher termite richness was found in savanna, while at CE-site the 
higher richness of termites was found in grassland.  
 
Table 3-4: List of termite species found inside wood blocks for each site, in blocks with 
one-year incubation. Gr: grassland; Sa: savanna; Wo: woodland. 
Termite species SO-site  CE-site  SE-site 
 Gr Sa Wo  Gr Sa Wo  Gr 
   Rhinotermitidae          
Heterotermes longiceps (Snyder 1924)  1   6 6 4   
Heterotermes tenuis (Hagen 1858) 2 7 1  6 2   3 
   Termitidae          
Diversitermes tiapuan Oliveira & Constantino 2016  1        
Parvitermes bacchanalis Mathews 1977     1     
Nasutitermes sp.     3     
 
3.5 Discussion 
In this study, we evaluated the effects of different decay agents – i.e., 
microorganisms, termites and solar radiation – and local-scale variations in plant 
community structure of the alternative stable states of Cerrado – i.e., grasslands, 
savannas and woodlands – in the decay patterns of deadwood. We observed that 
termites are key drivers of deadwood decay in Cerrado, making its decay rates twice as 
fast than the decay of deadwood by microorganisms. However, the key role of termites 
in deadwood decay is related to the vegetation type considered, as the decay rate of 
wood blocks exposed to termites (microorganism + termite baits) were higher in 
grasslands and savannas than in woodlands. On the other hand, the decay rate of 
deadwood by microorganisms was not affected by local-scale variations in plant 
community structure. Furthermore, we did not find evidences supporting the 
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photodegradation as a relevant mechanisms of deadwood decay in Cerrado. Thus, 
deadwood decay in Cerrado shows significant differences in local-scale, being faster in 
grasslands and savannas, due to termite activity, than in woodlands, in which it is mainly 
performed by microorganisms. The potential causes and consequences of these 
patterns are discussed in detail below. 
 
3.5.1 Termites influence in deadwood decay and its relation with plant-community 
structure 
 In this study, termites played a key role in deadwood decay in elevating decay 
rates in the Cerrado, with termite baits decaying twice as fast as decay rates in just 
microorganisms or microorganisms + solar radiation baits. This result reinforces 
previous reports stating the importance of termites in organic matter decomposition in 
the tropics (Cheesman et al. 2018; Ashton et al. 2019; Griffiths et al. 2019). 
At a local-scale, mass loss in the termite treatment was higher in savanna and 
grassland than woodland sites largely due to greater discovery of wood baits by termites 
rather than them having elevated mass loss once discovered.  These results partially 
corroborates our initial hypothesis that microclimatic variations related to canopy 
structure would not affect the termite activity related to deadwood consumption, which 
was expected since termites have behaviors that buffers environmental conditions 
(Lavelle et al. 2006; Veldhuis et al. 2017). On the other hand, community structure 
significantly affected the frequency of wood blocks attack by termites, as canopy closure 
was negatively related to the frequency of microbial plus termite baits with termite 
presence (Fig. 3 - 4). Thus, the low decay rates of microbial plus termite baits in 
woodlands were mainly related to the lower chances of wood blocks being found by 
termites in closed canopy areas than in more open ecosystems. This pattern is in 
accordance with previous reports in Africa, which showed that woody encroachment in 
savannas slows organic matter consumption rate by termites (Mugerwa et al. 2011; 
Leitner et al. 2018), and could be related to two main hypothesis: I) open ecosystems 
have higher abundance and diversity of termites than close ecosystems (Cheesman et 
al. 2018; Dossa et al. 2020), which could increase the chances of wood blocks being 
found. However, this hypothesis should be considered with caution, since previous 
reports have shown a decoupling between termite abundance and richness in an 
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ecosystem and its relative importance in deadwood decay dynamics (Cheesman et al. 
2018; Dossa et al. 2020); II) in open ecosystems, wood-feeding termites communities 
are more resource limited than in woodlands, which increases the foraging intensity of 
termites in open ecosystems and increases the frequency of deadwood being attacked 
by termites (Mugerwa et al. 2011). However, further investigation should be conducted 
to explore these hypotheses. 
Despite the strong biogeographic pattern of species distribution – mainly plants – 
in Brazilian Cerrado (Françoso et al. 2020), the termite species composition found inside 
wood blocks were similar among studied sites (Table 3 - 4). Also, the termite species 
composition was similar among vegetation types within sites (Table 3 - 4). The species 
H. tenuis and H. longiceps were the most frequent termite species found inside wood 
baits in all studied sites and vegetation types. The genus Heterotermes occurs across 
the tropical and subtropical regions of the world, and both species, H. tenuis and H. 
longiceps, are native from South America and distributed across several biomes, 
including the Cerrado (Constantino 2000; Carrijo et al. 2020). Both species are wood-
feeding subterranean termites, whose activity and foraging behavior are affected by 
biotic and abiotic conditions (Santos et al. 2010; Lima et al. 2014). Overall, the foraging 
activity and tunnel construction by these species are positively related to soil 
temperature and humidity (Arab and Costa-Leonardo 2005; Santos et al. 2010). Also, 
Lima et al. (2014) have shown in a laboratory experiment that H. tenuis have low fidelity 
to substrate, maintaining foraging activities after resources are found. Due to this 
reported foraging behavior of H. tenuis, it is unlikely that the low frequency of wood baits 
attacked by termites in woodlands is related to the high resource availability, but further 
investigation should be conducted. Therefore, our results indicate a consistency in 
deadwood consumption by termites among and within sites of Brazilian Cerrado. 
Furthermore, our results indicate that termites of the genus Heterotermes are key drivers 
of deadwood decay in Cerrado. 
 
3.5.2 The role of microorganisms and photodegradation in deadwood decay in Cerrado 
 Microorganisms have shown a consistent action in deadwood decay among 
vegetation types studies. Initially, we expected that the decay rates of wood blocks by 
microorganisms would be higher in woodlands than in savannas and grasslands, since 
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canopy closure is expected to increase soil and understory humidity, favoring the activity 
of soil microbiota. However, we observed that the decay rates of wood blocks exposed 
only to microorganisms did not differ among grasslands, savannas and woodlands. The 
similarity in the decay rates of wood blocks exposed only to microorganisms among the 
vegetation types might be related to two main hypotheses: i) the effects of canopy 
closure on microclimatic conditions does not influence significantly the soil microbiota 
activity; ii) the humidity of deadwood is kept constant among vegetation types through 
different mechanisms. Although wood blocks in grasslands and savannas are exposed 
to desiccation due to sunlight exposure, these vegetation types usually occurs in areas 
with high groundwater level (Rossatto et al. 2012; Leite et al. 2018), and the high soil 
humidity might keep the microbial activity in levels close to woodlands, in which the 
canopy cover prevents substrate desiccation due to exposure to sunlight. However, 
further investigation should be conducted to confirm these hypotheses. Furthermore, 
due to this consistency in deadwood decay by microorganisms among vegetation types 
and the low decay rates of deadwood by termites in woodlands, we propose that 
microorganisms are the key drivers of deadwood decay in woodlands of Cerrado. 
 Surprisingly, the decay rates of both the microorganism alone and 
microorganisms + solar radiation did not different from one another nor among 
vegetation types, suggesting that solar radiation had little contribution to mass loss and 
greater forest cover did not facilitate microbial decomposition. As discussed above, 
microorganism activity was not related to variations in plant community structure, as the 
decay rates of microorganism baits did not differ among vegetation types. This result 
indicates that the high exposure of soil and substrate to radiation and desiccation in 
Cerrado’s grasslands and savannas does not limit soil microorganisms’ activity. Since 
the microbial activity was not limited in dry sites with high exposure of substrate to solar 
radiation – i.e., grasslands and savannas -, it was expected that microbial plus solar 
radiation and baits would show similar decay rates, as observed. These observations 
indicates that photodegradation is not a key driver of deadwood decay in Cerrado, and 
that local-scale variations in temperature, humidity and solar radiation exposure does 





Overall, our results contribute to improve the understanding of C cycling of 
Cerrado, the second major biome of Latina America. We found a key role played by 
termites in deadwood decomposition in Cerrado, especially by termite species in the 
genus Heterotermes – H. longiceps and H. tenuis – which were the main species found 
inside wood blocks in the studied sites. Furthermore, the presence of termites 
approximately doubled the decay rates of deadwood in relation to wood block decay by 
microorganisms, reinforcing previous reports that indicates the key role of termites in 
deadwood turnover in the tropics (Cheesman et al. 2018; Ashton et al. 2019; Griffiths et 
al. 2019). Besides that, our results also indicate a large-scale consistency in the decay 
dynamics in Cerrado, as the three sites studied, located in areas with distinct biotic 
composition and environmental conditions -i.e., distinct provinces -, showed as similar 
pattern of deadwood decay. We also observed that fine-scale variation in plant 
community structure is an important parameter influencing deadwood decay dynamics in 
Cerrado, with canopy cover negatively related to deadwood decay rates, mainly through 
effects in termites foraging behavior. The key-role of local-scale variations in plant 
community structure and decay agents in deadwood decay could improve estimation of 
the impacts of vegetation conversion and suppression -i.e., woody encroachment in 
savannas and grasslands – in the Cerrado C stock, which could also enhance global 






Adair EC, Parton WJ, Grosso SJD, et al (2008) Simple three-pool model accurately 
describes patterns of long-term litter decomposition in diverse climates. Global 
Change Biology 14:2636–2660. https://doi.org/10.1111/j.1365-2486.2008.01674.x 
Ali RS, Kandeler E, Marhan S, et al (2018) Controls on microbially regulated soil organic 
carbon decomposition at the regional scale. Soil Biology and Biochemistry 
118:59–68. https://doi.org/10.1016/j.soilbio.2017.12.007 
Arab A, Costa-Leonardo AM (2005) Effect of biotic and abiotic factors on the tunneling 
behavior of Coptotermes gestroi and Heterotermes tenuis (Isoptera: 
Rhinotermitidae). Behavioural Processes 70:32–40. 
https://doi.org/10.1016/j.beproc.2005.04.001 
Ashton LA, Griffiths HM, Parr CL, et al (2019) Termites mitigate the effects of drought in 
tropical rainforest. Science 363:174–177. 
https://doi.org/10.1126/science.aau9565 
Austin AT, Vivanco L (2006) Plant litter decomposition in a semi-arid ecosystem 
controlled by photodegradation. Nature 442:555–558. 
https://doi.org/10.1038/nature05038 
Ayres E, Steltzer H, Simmons BL, et al (2009) Home-field advantage accelerates leaf 
litter decomposition in forests. Soil Biology and Biochemistry 41:606–610. 
https://doi.org/10.1016/j.soilbio.2008.12.022 
Bani A, Pioli S, Ventura M, et al (2018) The role of microbial community in the 
decomposition of leaf litter and deadwood. Applied Soil Ecology 126:75–84. 
https://doi.org/10.1016/j.apsoil.2018.02.017 
Batlle-Bayer, L., Batjes, N. H., & Bindraban, P. S. (2010). Changes in organic carbon 
stocks upon land use conversion in the Brazilian Cerrado: A review. Agriculture, 
Ecosystems & Environment, 137(1), 47–58. 
https://doi.org/10.1016/j.agee.2010.02.003 
Bignell DE, Eggleton P (2000) Termites in ecosystems. In: Abe T, Bignell DE, Higashi M 
(eds) Termites: evolution, sociality, symbioses, ecology. Springer Netherlands, 
Dordrecht, pp 363–387 
86 
 
Bradford MA, Berg B, Maynard DS, et al (2016) Understanding the dominant controls on 
litter decomposition. Journal of Ecology 104:229–238. 
https://doi.org/10.1111/1365-2745.12507 
Bradford MA, Veen GF (Ciska), Bonis A, et al (2017) A test of the hierarchical model of 
litter decomposition. Nature Ecology & Evolution 1:1836–1845. 
https://doi.org/10.1038/s41559-017-0367-4 
Bradford MA, Warren RJ, Baldrian P, et al (2014) Climate fails to predict wood 
decomposition at regional scales. Nature climate change 4:625–630 
Brandt LA, King JY, Hobbie SE, et al (2010) The role of photodegradation in surface 
litter decomposition across a grassland ecosystem precipitation gradient. 
Ecosystems 13:765–781. https://doi.org/10.1007/s10021-010-9353-2 
Bridgewater S, Ratter JA, Ribeiro JF (2004) Biogeographic patterns, β-diversity and 
dominance in the Cerrado biome of Brazil. Biodiversity and Conservation 
13:2295–2317. https://doi.org/10.1023/B:BIOC.0000047903.37608.4c 
Cancello EM, Silva RR, Vasconcellos A, et al (2014) Latitudinal variation in termite 
species richness and abundance along the Brazilian Atlantic Forest hotspot. 
Biotropica 46:441–450. https://doi.org/10.1111/btp.12120 
Carrijo TF, Pontes‐Nogueira M, Santos RG, et al (2020) New World Heterotermes 
(Isoptera, Rhinotermitidae): molecular phylogeny, biogeography and description 
of a new species. Systematic Entomology 45:527–539. 
https://doi.org/10.1111/syen.12412 
Cerezer, F. O., Azevedo, R. A. de, Nascimento, M. A. S., Franklin, E., Morais, J. W. de, 
& Dambros, C. de S. (2020). Latitudinal gradient of termite diversity indicates 
higher diversification and narrower thermal niches in the tropics. Global Ecology 
and Biogeography, 29(11), 1967–1977. https://doi.org/10.1111/geb.13167 
Cheesman AW, Cernusak LA, Zanne AE (2018) Relative roles of termites and 
saprotrophic microbes as drivers of wood decay: A wood block test. Austral 
Ecology 43:257–267. https://doi.org/10.1111/aec.12561 
Constantino R (2000) Key to the soldiers of South American Heterotermes with a new 




Coutinho LM (1990) Fire in the ecology of the Brazilian Cerrado. In: Goldammer JG (ed) 
fire in the tropical biota: Ecosystem processes and global challenges. Springer, 
Berlin, Heidelberg, pp 82–105 
Crowther TW, Hoogen J van den, Wan J, et al (2019) The global soil community and its 
influence on biogeochemistry. Science 365:. 
https://doi.org/10.1126/science.aav0550 
Dahlsjö CAL, Parr CL, Malhi Y, et al (2014) First comparison of quantitative estimates of 
termite biomass and abundance reveals strong intercontinental differences. 
Journal of Tropical Ecology 30:143–152 
Dantas V de L, Batalha MA, Pausas JG (2013) Fire drives functional thresholds on the 
savanna–forest transition. Ecology 94:2454–2463. https://doi.org/10.1890/12-
1629.1 
Davies RG, Eggleton P, Jones DT, et al (2003) Evolution of termite functional diversity: 
analysis and synthesis of local ecological and regional influences on local species 
richness. Journal of Biogeography 30:847–877. https://doi.org/10.1046/j.1365-
2699.2003.00883.x 
Dossa GGO, Paudel E, Schaefer D, et al (2020) Quantifying the factors affecting wood 
decomposition across a tropical forest disturbance gradient. Forest Ecology and 
Management 468:118166. https://doi.org/10.1016/j.foreco.2020.118166 
Eichenberg D, Pietsch K, Meister C, et al (2017) The effect of microclimate on wood 
decay is indirectly altered by tree species diversity in a litterbag study. Journal of 
Plant Ecology 10:170–178. https://doi.org/10.1093/jpe/rtw116 
Françoso RD, Dexter KG, Machado RB, et al (2020) Delimiting floristic biogeographic 
districts in the Cerrado and assessing their conservation status. Biodiversity 
Conservation 29:1477–1500. https://doi.org/10.1007/s10531-019-01819-3 
Frenne PD, Rodríguez-Sánchez F, Coomes DA, et al (2013) Microclimate moderates 
plant responses to macroclimate warming. Proceedings of the National Academy 
of Sciences 110:18561–18565. https://doi.org/10.1073/pnas.1311190110 
Furley PA (1999) The nature and diversity of neotropical savanna vegetation with 




Graça MAS, Bärlocher F, Gessner MO (2007) Methods to study litter decomposition: A 
practical guide. Springer Science & Business Media 
Griffiths HM, Ashton LA, Evans TA, et al (2019) Termites can decompose more than half 
of deadwood in tropical rainforest. Current Biology 29:R118–R119. 
https://doi.org/10.1016/j.cub.2019.01.012 
Hardwick SR, Toumi R, Pfeifer M, et al (2015) The relationship between leaf area index 
and microclimate in tropical forest and oil palm plantation: Forest disturbance 
drives changes in microclimate. Agricultural and Forest Meteorology 201:187–
195. https://doi.org/10.1016/j.agrformet.2014.11.010 
Hirota M, Holmgren M, Nes EHV, Scheffer M (2011) Global resilience of tropical forest 
and savanna to critical transitions. Science 334:232–235. 
https://doi.org/10.1126/science.1210657 
Hoffmann WA, Franco AC, Moreira MZ, Haridasan M (2005) Specific leaf area explains 
differences in leaf traits between congeneric savanna and forest trees. Functional 
Ecology 19:932–940. https://doi.org/10.1111/j.1365-2435.2005.01045.x 
Jennings SB, Brown ND, Sheil D (1999) Assessing forest canopies and understory 
illumination: canopy closure, canopy cover and other measures. Forestry (Lond) 
72:59–74. https://doi.org/10.1093/forestry/72.1.59 
Jia-bing W, De-xin G, Shi-jie H, et al (2005) Ecological functions of coarse woody debris 
in forest ecosystem. Journal of Forestry Research 16:247–252. 
https://doi.org/10.1007/BF02856826 
Joly F-X, Milcu A, Scherer-Lorenzen M, et al (2017) Tree species diversity affects 
decomposition through modified micro-environmental conditions across European 
forests. New Phytologist 214:1281–1293. https://doi.org/10.1111/nph.14452 
King JY, Brandt LA, Adair EC (2012) Shedding light on plant litter decomposition: 
advances, implications and new directions in understanding the role of 
photodegradation. Biogeochemistry 111:57–81. https://doi.org/10.1007/s10533-
012-9737-9 
Klink CA, Machado RB (2005) Conservation of the Brazilian Cerrado. Conservation 
Biology 19:707–713. https://doi.org/10.1111/j.1523-1739.2005.00702.x 
Lassauce A, Paillet Y, Jactel H, Bouget C (2011) Deadwood as a surrogate for forest 
biodiversity: Meta-analysis of correlations between deadwood volume and 
89 
 
species richness of saproxylic organisms. Ecological Indicators 11:1027–1039. 
https://doi.org/10.1016/j.ecolind.2011.02.004 
Lavelle P, Blanchart E, Martin A, et al (1993) A hierarchical model for decomposition in 
terrestrial ecosystems: Application to soils of the humid tropics. Biotropica 
25:130–150. https://doi.org/10.2307/2389178 
Lavelle P, Decaëns T, Aubert M, et al (2006) Soil invertebrates and ecosystem services. 
European Journal of Soil Biology 42:S3–S15. 
https://doi.org/10.1016/j.ejsobi.2006.10.002 
Leite, M. B., Xavier, R. O., Oliveira, P. T. S., Silva, F. K. G., & Silva Matos, D. M. (2018). 
Groundwater depth as a constraint on the woody cover in a Neotropical Savanna. 
Plant and Soil, 426(1), 1–15. https://doi.org/10.1007/s11104-018-3599-4 
Leitner M, Davies AB, Parr CL, et al (2018) Woody encroachment slows decomposition 
and termite activity in an African savanna. Global Change Biology 24:2597–2606. 
https://doi.org/10.1111/gcb.14118 
Magnússon RÍ, Tietema A, Cornelissen JHC, et al (2016) Tamm Review: Sequestration 
of carbon from coarse woody debris in forest soils. Forest Ecology and 
Management 377:1–15. https://doi.org/10.1016/j.foreco.2016.06.033 
Marañón-Jiménez S, Castro J (2013) Effect of decomposing post-fire coarse woody 
debris on soil fertility and nutrient availability in a Mediterranean ecosystem. 
Biogeochemistry 112:519–535. https://doi.org/10.1007/s10533-012-9744-x 
Martius C, Höfer H, Garcia MVB, et al (2004) Microclimate in agroforestry systems in 
central Amazonia: does canopy closure matter to soil organisms? Agroforestry 
Systems 60:291–304. https://doi.org/10.1023/B:AGFO.0000024419.20709.6c 
Mugerwa S, Nyangito M, Mpairwe D, Nderitu J (2011) Effect of biotic and abiotic factors 
on composition and foraging intensity of subterranean termites. African Journal of 
Environmental Science and Technology 5:579–588. 
https://doi.org/10.4314/ajest.v5i8.72052 
Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R2 
from generalized linear mixed-effects models. Methods in Ecology and Evolution, 
4(2), 133–142. https://doi.org/10.1111/j.2041-210x.2012.00261.x 
Novaes RML, Ribeiro RA, Lemos-Filho JP, Lovato MB (2013) Concordance between 
phylogeographical and biogeographical patterns in the Brazilian Cerrado: 
90 
 
Diversification of the endemic tree Dalbergia miscolobium (Fabaceae). PLoS One 
8:. https://doi.org/10.1371/journal.pone.0082198 
Oberle B, Covey KR, Dunham KM, et al (2018) Dissecting the effects of diameter on 
wood decay emphasizes the importance of cross-stem conductivity in Fraxinus 
americana. Ecosystems 21:85–97. https://doi.org/10.1007/s10021-017-0136-x 
Pan Y, Birdsey RA, Fang J, et al (2011) A large and persistent carbon sink in the world’s 
forests. Science 1201609. https://doi.org/10.1126/science.1201609 
Ratter JA, Bridgewater S, Ribeiro JF (2003) Analysis of the floristic composition of the 
Brazilian Cerrado vegetation III: Comparison of the woody vegetation of 376 
areas. Edinburgh Journal of Botany 60:57–109. 
https://doi.org/10.1017/S0960428603000064 
Ribeiro LF, Tabarelli M (2002) A structural gradient in cerrado vegetation of Brazil: 
changes in woody plant density, species richness, life history and plant 
composition. Journal of Tropical Ecology 18:775–794. 
https://doi.org/10.1017/S026646740200250X 
Rossatto, D. R., de Carvalho Ramos Silva, L., Villalobos-Vega, R., Sternberg, L. da S. 
L., & Franco, A. C. (2012). Depth of water uptake in woody plants relates to 
groundwater level and vegetation structure along a topographic gradient in a 
neotropical savanna. Environmental and Experimental Botany, 77, 259–266. 
https://doi.org/10.1016/j.envexpbot.2011.11.025 
Sano EE, Rosa R, Brito JLS, Ferreira LG (2010) Land cover mapping of the tropical 
savanna region in Brazil. Environmental Monitoring Assessment 166:113–124. 
https://doi.org/10.1007/s10661-009-0988-4 
Sano EE, Rodrigues AA, Martins ES, Bettiol GM, Bustamante MMC, Bezerra AS, Couto 
AF, Vasconcelos V, Schüler J, Bolfe EL (2019). Cerrado ecoregions: A spatial 
framework to assess and prioritize Brazilian savanna environmental diversity for 
conservation. Journal of Environmental Management 232:818–828. 
https://doi.org/10.1016/j.jenvman.2018.11.108 
Santos MN, Teixeira MLF, Pereira MB, Menezes EB (2010) Environmental factors 
influencing the foraging and feeding behavior of two termite species (Isoptera: 
Rhinotermitidae) in natural habitats. Sociobioloy 55:763-778 
91 
 
Schimel J, Balser TC, Wallenstein M (2007) Microbial stress-response physiology and 
its implications for ecosystem function. Ecology 88:1386–1394. 
https://doi.org/10.1890/06-0219 
Staver AC, Archibald S, Levin SA (2011) The global extent and determinants of savanna 
and forest as alternative biome states. Science 334:230–232. 
https://doi.org/10.1126/science.1210465 
Ulyshen MD (2016) Wood decomposition as influenced by invertebrates. Biological 
Reviews 91:70–85. https://doi.org/10.1111/brv.12158 
Veen GF (Ciska), Freschet GT, Ordonez A, Wardle DA (2015) Litter quality and 
environmental controls of home-field advantage effects on litter decomposition. 
Oikos 124:187–195. https://doi.org/10.1111/oik.01374 
Veldhuis MP, Laso FJ, Olff H, Berg MP (2017) Termites promote resistance of 










Figure S 3-1: Macroclimatic characterization of the studied sites during the experiment. 
Mean temperature (red line) and total precipitation per month (blue bar) calculated 
based in temporal series from 2017 - 2019 for the three sites studied. The data was 
obtained from meteorological stations (INMET, 2020). A) Brasília – DF; B) Itirapina – SP; 





Figure S 3-2: Design of the decomposition rate assessment experiment based on wood 
block test standardized protocol (Cheesman et al. 2018). A) The plot consisted of a 
rectangle of 100 m by 80 m, in which every 20 m a bait station (bs; grey circle) was 
deployed; B) The representation of a BS. Each small rectangle is a litterbag, which are 
nominated according to the decomposer that has access to the wood: M = 
microorganisms; MT = microorganisms + termites; MR = microorganisms + radiation. 










Figure S 3-3: Characterization of vegetation types according to canopy closure - 
estimated by the leaf area index (LAI). The boxplot colors represent the studied site: 





4 Soil management practices to restore abandoned pastures decrease soil 
microbial biomass but not soil enzyme activities 
4.1 Abstract 
1. Grasslands within the Brazilian savanna have undergone constant pressure of 
land conversion through the introduction of planted pastures, which occupies 
approximately 40% of the original territory. Planted pastures are introduced 
through the sowing of exotic fast-growing grasses, and differences in resource-
use strategies between native and exotic grasses potentially impact ecosystem 
nutrient cycling dynamics, influencing further recruitment of grass species. In this 
scenario, the restoration success of native grasslands is related to the re-
establishment of soil processes to a state prior to the change in land use. 
2. In this study we evaluated whether the restoration of abandoned pastures 
through direct seeding of native grasses and soil management practices restored 
soil nutrient cycling dynamics to levels similar to those in undisturbed sites. The 
study was conducted in the National Park of Chapada dos Veadeiros in which we 
compared the activity of soil enzymes related to carbon, nitrogen and phosphorus 
cycling, and also soil microbial biomass and soil fertility parameters among 
exotic-dominated, native undisturbed and restored sites. 
3. Abandoned pastures dominated by fast-growing exotic grasses have higher 
nutrient turnover rate than native undisturbed sites dominated by slow-growing 
native species. Furthermore, abandoned pastures had higher biomass-specific 
enzyme activities and lower soil cation exchange capacity than native sites, 
indicating a low immobilization of nutrients in dead organic matter and low 
nutrient retention in soil, which is expected to favor the establishment of resource-
acquisitive exotic-grasses. 
4. Sites under restoration had similar soil enzyme activities as native undisturbed 
soils; however, restoration sites had lower microbial biomass and soil organic 
matter content than native soils. The low enzyme activities of restoration sites soil 
are likely related to soil-management practices prior to restoration, such as 
burning and plowing, which reduced microbial biomass and soil organic matter 
content, rather than plant-soil feedbacks. Thus, sites under restoration have lower 
immobilization of nutrients in microbial biomass and low retention of nutrients in 
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soil than native sites, which is expected to favor the re-establishment of invasive 
fast-growing exotic species. Current restoration practices could mostly likely be 
improved through a greater focus on restoring the correct soil conditions, 






Brazilian savannas (hereafter referred as Cerrado) has undergone constant 
pressure of land conversion through the introduction of planted pastures by the sowing 
of exotic fast-growing grasses.(Lambers et al., 2020; Sano et al., 2010; Strassburg et al., 
2017). Of the original Cerrado cover of about 200 million hectares (Mha), approximately 
88 Mha have already been lost, of which 76 Mha has been converted into pastures 
dominated by invasive grass species (Strassburg et al., 2017). Despite an overall 
pressure of land conversion in the Cerrado native areas, the grasslands are especially 
vulnerable to these changes. For instance, the grasslands are proportionally the least 
protected vegetation type of Cerrado in comparison to savannas and woodlands (Sano 
et al., 2010). Also, the conversion of native habitats into planted pastures occurred 
mainly in grasslands, which were initially used as native pastures for livestock 
production, and later converted into planted pastures through the sowing of exotic fast-
growing grasses in order to increase the productivity (Dias et al., 2016). Due to the 
significant loss of its original cover and the high vulnerability to further perturbation, the 
restoration of Cerrado’s grasslands have key importance in future efforts for the 
conservation of this biome. However, the science behind restoration of Cerrado 
grasslands is in it’s infancy, and the application of conventional restoration techniques, 
based on tropical forests or temperate grasslands, are ineffective for the restoration of 
tropical grasslands (Buisson et al., 2019; Coutinho et al., 2019; Sampaio et al., 2019; 
Silveira et al., 2020).  
The conversion of Cerrado native grasslands to pastures potentially affects the 
nutrient cycling dynamics of the ecosystem through impacts on soil properties and plant 
functional composition (Silva et al., 2019; Sousa et al., 2015). The change in land use 
usually implies soil plowing, liming and fertilization, and also native vegetation burning 
and exotic grasses sowing (Pivello et al., 1999; Klink & Moreira 2008; Sano et al., 2010). 
The soil plowing and the vegetation burning reduces the organic matter in the superficial 
soil layers, decreasing the soil nutrient retention and microbial biomass, through direct 
mortality of microorganisms or substrate limitation (Zuber & Villamil, 2016). Also, liming 
increases soil pH and the availability of nutrients, and also modifies the soil microbial 
community composition (Lopes & Cox, 1977; Silveira et al., 2020). Furthermore, the 
establishment of exotic grasses changes the functional characteristics of the plant 
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community which can lead to the establishment of distinct sets of plant-soil feedback 
(Freschet et al., 2013). Therefore, changes in land use caused by the conversion of 
native Cerrado land into planted pastures may lead to changes in ecosystem nutrient 
dynamics and plant-soil feedbacks (Ehrenfeld, 2010; Van der Putten et al., 2016) . 
 The functional composition of plant communities influences nutrient cycling 
through direct and indirect effects on soil organisms (Van der Heijden et al., 2008; 
Hobbie, 2015). For example, plant taxonomic and functional diversity are either 
quantitatively linked to nutrient cycling, through the amount of organic matter input into 
the ecosystem, or qualitatively, through the physical and chemical characteristics of the 
litter (Hector et al., 2000; Heemsbergen et al., 2004; Meier & Bowman, 2008). Since 
litter is a substrate for saprophytic microorganisms, litter physical and chemical 
properties - i.e. litter quality - affects the microbial activity of the decomposers’ 
community (Bani et al., 2018; Cotrufo et al., 2013). For instance, litter quality affects the 
microbial carbon-use efficiency (CUE), which is related to the efficiency of 
microorganisms decomposing the substrate and assimilating the elements for their 
growth - i.e. immobilization - or mineralizing the substrate (Cotrufo et al., 2013). 
Therefore, effects of plant community functional composition on ecosystem nutrient 
cycling is mediated by the relation between litter quality and soil microbial activity 
(Boeddinghaus et al., 2019). 
 The relationship between litter quality and soil microbial activity affects the 
dynamics of nutrient release from dead organic matter which impacts soil microbial 
community composition and biomass (de Vries et al., 2012; Ali et al., 2018). The rate of 
metabolism of substrate by microorganisms depends on the degradation of organic 
molecules, which is catalyzed by activities of extracellular enzymes (Schimel & 
Schaeffer, 2012; Sinsabaugh et al., 2008). The coupling between rates of substrate 
metabolism and extracellular enzyme activity is dependent on the complexity of the 
substrate degraded (Ali et al., 2015; Ali et al., 2018). Specifically, enzymes that degrade 
labile C compounds, such as ß-glucosidase, ß-xylosidase and peptidase, are better 
coupled to the rates of metabolism of the substrate than enzymes that degrade more 
complex C molecules (Ali et al., 2015; Ali et al., 2018). Thus, litter with a high 
concentration of labile C and nutrients stimulates the activity of extracellular enzymes 
related to the degradation of labile C compounds, which increases litter decomposition 
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rates and the mineralization of dead plant tissues (Sinsabaugh et al., 2008). Faster litter 
mineralization rates favors r-strategist microorganisms, characterized as fast-growing 
bacteria with low nutrient retention and biomass accumulation; while slower 
mineralization rates of litter favors K-strategist microorganisms, characterized as slow-
growing fungi with high nutrient retention and biomass accumulation (Boeddinghaus et 
al., 2019; de Vries et al., 2012). Microorganisms with different life-history strategies also 
affect soil nutrient availability for plant uptake, since r-strategist microorganisms have 
faster biomass turnover, i.e. mineralization rates, than K-strategists (Bengtson & 
Bengtsson, 2005; de Vries & Bardgett, 2016). Thus, the effects of litter quality on soil 
microbial community characteristics have consequences for soil nutrient dynamics which 
could lead to different mechanisms of plant-soil feedback (de Vries & Bardgett, 2016). 
Thus, in Cerrado, changes in plant community functional composition caused by 
changes in land use can lead to the formation of new sets of plant-soil feedbacks that 
maintain the ecosystem in a new system state (Suding et al., 2004). In this scenario, 
restoration practices that intend to functionally restore the plant community but disregard 
ecosystem processes, are, in general, ineffective (Suding et al., 2004). Therefore, in this 
study we focused on the processes of nutrient cycling in native grasslands, and 
assessed how the presence of exotic grasses in abandoned pastures affects the 
biogeochemical cycles of the ecosystem, and how these cycles were affected by the 
restoration of tropical grasslands. We aimed to assess in wet and dry seasons whether: 
(1) exotic-dominated sites have higher nutrient turnover rate than native sites, through a 
high microbial activity thus indicating a fast mineralization of dead organic matter; (2) 
exotic-dominated sites have low microbial biomass and soil organic matter (SOM), 
indicating a low immobilization and retention of nutrients in microbial biomass and soil 
particles – i.e. low cation exchange capacity (CEC) -, respectively; (3) soils of sites 
under restoration have similar microbial activity and biomass as native sites, while both 
have lower soil microbial activity and microbial biomass than exotic-dominated sites, 
since sites under restoration are expected to be on the way to restore species 




4.3.1 Study site 
We carried out the study at the Chapada dos Veadeiros National Park 
(14°07’03”S, 47°38’31”W), located in Central Brazil at the municipality of Alto Paraíso de 
Goiás – Goiás; mean altitude: 1240 m (Pellizzaro et al., 2017). The local climate is 
tropical wet with a marked dry season (Felfili & Fagg, 2007). Mean annual precipitation 
is 1453 mm, 60% between October and May, and mean annual temperature is 21 °C 
(Pellizzaro et al., 2017). We selected three areas, according to their historic use and 
species dominance. Traditionally, areas inside the park have been used for extensive 
livestock grazing until 1970 (ICMBIO, 2009). In these areas, exotic grasses were sown, 
and the areas were regularly burned, limed and fertilized in order to stimulate their 
growth (ICMBIO, 2009). After the National Park creation, in 1970, the areas that were 
traditionally used for extensive livestock production were abandoned, principally during 
two-year long periods in 1985 and 1995 (ICMBIO, 2009). We selected two abandoned 
pasture areas dominated by the invasive exotic species: Urochloa eminii (Stapf) R.D. 
Webster, U. brizantha (Hochst. ex A. Rich.) R.D. Webster, Andropogon gayanus Kunth, 
U. humidicola (Rendle) Morrone & Zuloaga, Melinis minutiflora P. Beauv. and 
Hyparhenia rufa (Nees) Stapf (Pellizzaro et al., 2017). We also selected two areas in 
which restoration through direct seeding of native species in 2016 two years before this 
study. Prior to the direct seeding, the restoration area was burnt in order to reduce the 
biomass of invasive grasses, then it was ploughed five times (250 mm deep) and this 
was followed by an inversion tillage (400 mm deep) in order to reduce the seed bank 
and regeneration of exotic grasses (Coutinho et al., 2019; Sampaio et al., 2019). The 
seeding density varied in a range of 730 – 950 seeds m-2, using seeds of 75 species of 
native herbs, shrubs and trees were collected at undisturbed sites in the surroundings of 
the restoration plots (Coutinho et al., 2019; Pellizzaro et al., 2017; Schmidt et al., 2019). 
The seeding area corresponded to a total of 58 ha, within the two blocks. Sixty-two out 
of the 75 seeded species established themselves, and the areas presented 60% cover 
by native species two years after seeding, as shown in a previous experiment at the 
same site (Pellizzaro et al., 2017). Finally, we also selected two undisturbed native 
areas adjacent to the restoration and abandoned pastures.  
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The experiment was replicated in two areas – site A and site B - located close to 
each other and each area with the same set of vegetation types – exotic-dominated, 
native undisturbed and under restoration (Fig. S4 - 1). The replication of the experiment 
in the two areas was performed in order to evaluate the consistency of the effects of 
perturbation in native grasslands and the restoration of abandoned pastures on 
ecosystems’ nutrient cycling dynamics. Also, through the replication of the experiment 
we could access if between-site variation in environmental conditions significantly affects 
the nutrient dynamics of native, exotic-dominated and ecosystems under restoration.  
Two years after seeding, in 2018, in each block for each vegetation type we 
installed one transect of 200 m and collected samples of top soil (compound sample 
from three cores, 100 mm depth each, 1 m apart from each other) at 10 points each 20 
m apart along the transects, in both the dry and wet season (6 transects × 10 points per 
transect × 2 seasons = 120 samples). The soils were collected and sieved (< 2 mm), 
stored in coolers, and frozen (-20 ºC) within 5 hours of sampling until analyses, to avoid 
changes in the microbial activity. Soil samples were collected in summer (rainy season, 
February) and winter (dry season, July). 
 
4.3.2 Soil enzyme and microbial biomass analyses 
 For each soil sample, we determined soil enzyme activities of: two enzymes 
related to the C cycle: β-glucosidase (EC 3.2.1.21) and β-xylosidase (xylanase; EC 
3.2.1.37); one enzyme related to the N and C cycle: N-acetyl-β-D-glucosaminidase 
(chitinase; EC 3.2.1.52); and the activity of phosphomonoesterase (acid phosphatase; 
EC 3.1.3.2), related to the P cycle. We performed the analyses using the fluorimetric 
method, according to Van Kramer et al. (2013). For this, we obtained the 4-
methylumbelliferone (4-MUF) substrates of the four enzymes, standards and 2-[N-
morpholino]ethanosulfonic acid buffer (MES-buffer, pH 6.1) from Sigma-Aldrich. 
Substrates solutions (1 mM) were prepared dissolving the substrate in dimethyl sulfoxide 
(DMSO) followed by the addition of sterilized deionized until a final concentration of 10 
mM and the addition of MES-buffer until a final concentration of 1mM. Standards stock 
solution were prepared dissolving 0.044 g of 4-MUF standard in 25 mL of methanol, 
followed by the addition of 50 mL of sterilized deionized water. While working standard 
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solution were prepared dissolving 100 µl of standard stock solution in 50 mL of MES-
buffer. 
 Soil samples were prepared mixing one gram of soil in 50 mL of sterile deionized 
water, followed by its dispersion with an ultrasonic disaggregator (35% for 120 s). After 
dispersion, 50 µL of soil suspension was mixed with 50 µL of MES-buffer and 100 µL of 
substrate in microplate wells (PP microplate, black flat-bottom, 96 wells). We prepared 
three analytical replicates for each sample and for each substrate. Standard curves were 
also prepared for each microplate reading. For this, we added 50 µL of soil suspensions 
and MES-buffer in order to obtain a final concentration of 0, 0.5, 1, 2.5, 4 and 6 µM. The 
microplates were then incubated for 30 min at 30 °C. After this pre-incubation, the 
microplates measurements were made at 0, 30, 60, 120 and 180 min, in a fluorescence 
microplate reader (SpectraMax M3, MolecularDevices, Ca, USA), with an excitation at 
360 nm and emission at 460 nm. Soil potential enzymes activity were obtained through 
the following equation: 
𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑛𝑚𝑜𝑙 ∗ 𝑔 ∗ ℎ ) =  
𝑥 ∗ 60 ∗ 𝐸𝑥𝑉 ∗ 100
1000 ∗ 𝐴 ∗ 𝐼𝑊 ∗ 𝐷𝑀
 
In which: x represents the increase rate of fluorescence activity measured in each well 
(pmol * well-1 * min-1); 60 is the conversion of min-1 into h-1; ExV is the extraction volume 
(ml); 1000 is the conversion of pmol in nmol; A is the aliquot from the extraction solution 
(µl); IW initial weight of soil (g); 100/DM conversion of fresh to dry weight of soil. 
Considering the soil enzyme activity and soil microbial biomass, we also calculated the 
enzyme activity per unit microbial biomass (specific enzyme activity) to estimate soil 
microbial activity. 
 For the same samples, we measured C and N in the microbial biomass (Cmic and 
Nmic) using the chloroform fumigation-extraction method (CFE; Brookes et al., 1985). For 
this, we fumigated soils adding fresh soil (equivalent to 10 g of dry soil) in open 
recipients that were kept in desiccator in vacuum for 24 hrs. with chloroform. For the 
same samples, we also prepared non-fumigated soils, adding fresh soil (equivalent to 10 
g of dry soil) in open recipients. After this step, we performed the extraction of fumigated 
and non-fumigated samples using potassium sulfate (K2SO4 0.5 M). For this, we added 
40 mL of K2SO4 in each soil sample, which were rotated for 30 min at 200 rpm, followed 
by the filtering of the supernatant. The extracts of fumigated and non-fumigated soils 
were kept in the refrigerator until analysis. 
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The microbial C was estimated using the organic matter oxidation with potassium 
dichromate (K2Cr2O7, 66.7 mM) procedure (Vance et al., 1987). For this, we mixed 8 mL 
of the extract with 2 ml of K2Cr2O7 and 15 mL of sulfuric acid (H2SO4) and phosphoric 
acid (H3PO4) 2:1 mix. The digestion was performed during 30 min at 100 °C. After 
cooling, the volume was completed to 25 mL with deionized water. Then, it was 
performed a titration using ferroin indicator and ammonium iron sulfate (NH4 2Fe 
(SO4)2 · 6H2O, 0.033 M). For the extracted C estimative it was considered that each 
12.95 mL of ammonium iron sulfate corresponded to 1200 µg of C. The estimative of 
microbial biomass was calculated according to the following equation: 




In which Cf corresponds to the extracted C of fumigated soil; Cnf corresponds to the 
extracted C of non-fumigated soil; and Kc is the coefficient of extraction efficiency 
(Vance et al., 1987). 
 The estimative of soil microbial N biomass was performed through the 
quantification of the ninhydrin-reactive N method (Joergensen & Brookes, 1990). For 
this, we mixed 0.6 ml of extract with 1.4 mL of citric acid buffer (0.2 M, pH 5) and 1 mL of 
ninhydrin reagent. The solution was kept in water bath at 100 °C for 20 min. After 
cooling, it was added 4 ml of water-ethanol (1:1) mixture to the solution. The samples 
were pipetted in microplates, which were read in luminescent microplate reader at 570 
nm of absorbance. The same procedure was performed to standards of leucine, in order 
to obtain a standard curve to estimate the N of the samples. To estimate the microbial N 
we used the following equation: 
𝑀𝑖𝑐𝑟𝑜𝑏𝑖𝑎𝑙 𝑁 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝜇𝑔𝑁 𝑔 ) =  𝑁𝑓 − 𝑁𝑛𝑓 
In which Nf corresponds to the extracted N of fumigated soil; Nnf corresponds to the 
extracted N of non-fumigated soil. 
Finally, we measured the concentration of total soil N, available P and SOM, soil 
pH, and soil CEC as a proxy of nutrient dynamics. The soil N concentration was 
determined by sulfuric acid digestion followed by Kjeldahl distillation (Bremner, 1996); 
soil P and potassium (K) concentrations were determined following a Mehlich-1 
extraction (Raij & Quaggio, 2001); and SOM was determined by the Walkley-Black 
reaction (Nelson & Sommers, 1996). The soil analyses were performed by the 
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Sociedade de Investigações Florestais (SIF) of the Universidade Federal de Viçosa 
(UFV). 
 
4.3.3 Statistical analyses 
In order to assess if conversion of native grasslands into artificial pastures 
significantly impact the nutrient dynamics of the ecosystem, and if restoration techniques 
have successfully restored nutrient dynamics to levels similar of native undisturbed 
ecosystems, we performed a linear mixed effect model (LME; Pinheiro & Bates, 2000). 
In these models, we considered soil enzyme activities, soil microbial C and N 
concentrations, specific enzyme activities, or soil fertility parameters as response 
variables. For all models, we considered the vegetation type - exotic, under restoration 
and native - and season – dry or wet –as predictive fixed effects variables. We used the 
plot – i.e., each plot in which the soil sampling was performed – nested in site location – 
block A and B - as random variables. To evaluate which fixed effect were significantly 
related to the response variables, we performed a stepwise model selection, using 
likelihood ratio tests - analysis of variance (ANOVA) - to compare the models (Pinheiro & 
Bates, 2000). We also calculated the marginal and conditional R², in order to evaluate 
the variance explained by only fixed effect variables, and by both fixed and random 
variables, respectively (Nakagawa & Schielzeth, 2013). Using both marginal and 
conditional R² we could evaluate the relevance of fine-scale variations in environmental 
conditions – integrated by our random effect variables – in the microbial activity and 
biomass, and in soil fertility parameters. For the LMEs in which we found significant 
effects of the predictive variables over the response variables, we performed a post-hoc 
Tukey’s honestly significant test (Tukey HSD) in order to identify which communities 
differed from each other. Furthermore, to interpret the results, we considered the native 
habitats as reference ecosystems. All analyses and plots were made in R software 
v4.0.0 (R Core Team 2020). We used the ‘lme4’ package (Bates et al., 2015) for the 
LME, the ‘performance’ package (Lüdecke et al., 2020) for the calculation of conditional 
and marginal R² and the ‘emmeans’ (Lenth, 2020) package for the post-hoc Tukey HSD 





 Restoration practices resulted in a reduction of soil enzyme-activity dynamics in 
relation to exotic-dominated pastures, mainly for enzymes related to C- and N- cycling – 
xylanase and chitinase, respectively (Fig. 4 -  1). Sites under restoration showed a 
similar soil chitinase and xylanase activities as native sites, which were also lower than 
the activity observed in exotic-dominated sites. On the other hand, soil phosphatase 
activity was lower in sites under restoration than in native and exotic-dominated sites, 
and the soil β -glucosidase activity did not differ among vegetation types. Furthermore, 
our results also show a significant effect of fine-scale variation in environmental 
conditions – i.e., variations in environmental conditions between and within each area 
studied - in the soil β -glucosidase, xylanase and phosphatase activities. In our mixed 
effect models, the random variables, plot and site location – site A or B – significantly 
increased the variance explained by the model in relation to the fixed effects, such as 





Figure 4-1: Influence of vegetation types on soil enzyme activities in the dry and wet 
season. Different letters indicate differences in soil enzyme activity from the other 
vegetation types, while n.s. indicates no differences in soil enzymes activity among 
vegetation types. The comparisons were made among vegetation types during the same 











Table 4-1: Effects of season and vegetation type on enzymes activity, soil microbial 
biomass and activity – specific enzyme activity -, and soil fertility parameters. The table 
show the results of the linear mixed effects model built. For all models, the season – wet 
and dry - and vegetation type – exotic, under restoration and native -, as well as its 
interaction, were considered as fixed effects; while plots and site location – block A and 
B – were considered as random variables. Marginal R² and conditional R², are related to 
the variance explained by only fixed-effect variables and by both random and fixed-
effect variables, respectively. 
Response 
variable 








~ season 0.17 0.47 < 0.001 
Chitinase activity ~ vegetation type + season 0.25 0.57 < 0.001 
Xylanase activity ~ vegetation type + season 0.14 0.15 < 0.001 
Phosphatase 
activity 
~ vegetation type + season 0.27 0.77 < 0.001 
Microbial Carbon 
Concentration 
~ vegetation type 0.06 0.41 0.02 
Microbial Nitrogen 
Concentration 
~ vegetation type + season 
+ vegetation type: season 
0.32 0.37 < 0.001 
Microbial biomass 
C:N ratio 
n.s. n.s. n.s. n.s. 
Biomass specific β-
glucosidase activity 
~ vegetation type + season 0.19 0.28 < 0.001 
Biomass specific 
chitinase activity 
~ vegetation type + season 0.16 0.28 < 0.001 
Biomass specific 
xylanase activity 




~ vegetation type + season 0.24 0.39 < 0.001 
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Soil pH ~ season 0.23 0.23 < 0.001 
Soil P 
concentration 
~ vegetation type + season 
+ vegetation type: season 
0.20 0.49 < 0.001 
Soil N 
concentration 
~ vegetation type 0.12 0.59 < 0.001 
Soil K 
concentration 
~ vegetation type 0.15 0.44 < 0.001 
Soil organic matter 
concentration 
~ vegetation type 0.11 0.56 < 0.001 
Soil cation 
exchange capacity 
~ vegetation type 0.12 0.63 < 0.001 
 
 Native sites had higher soil microbial C and N biomass than sites under 
restoration, and higher microbial N biomass than exotic-dominated sites in the wet 
season (Table 4 - 1, Fig. 4 -  2). This result indicates that the restoration practices were 
not successful in restoring the soil microbial biomass to levels prior to changes in land 
use. Soils of sites under restoration had lower N and C immobilized in microbial biomass 
than native soils, indicating a higher mobility of nutrients in restored soils than in native 
soils. Besides that, we observed a high variation in soil microbial C within vegetation 
types, especially exotic-dominated sites, which was not observed for soil microbial N. 
The random variables significantly increased the variance of soil microbial C explained 
by our mixed effect models. These results indicate a key role of fine-scale variations in 
environmental conditions – i.e., variations in soil conditions inside and between each 





Figure 4-2: The relation of soil microbial carbon (C), nitrogen (N) biomass and microbial 
C:N ratio, with vegetation type and season. Different letters indicate differences in soil 
enzyme activity from the other vegetation types. The comparisons were made among 
vegetation types during the same season, based on the post-hoc Tukey honestly 
significant difference test. 
 
 Abandoned pastures and native sites also differed in soil microbial activity – i.e. 
biomass-specific enzyme activities -, while native and sites under restoration had similar 
levels of soil microbial activity (Table 4 - 1, Fig. 4 -  3). The results of biomass-specific 
enzyme activities were more consistent than the results of absolute soil enzymes 
activity, as the four enzymes studied showed a similar pattern (Fig. 4 -  3). These results 
indicate that the restoration was successful in restoring the microbial community whose 
activity was lower – i.e. lower enzyme production by microbial biomass – than the 
activity of soil microbial community in exotic-dominated areas. Furthermore, we also 
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observed that the fine-scale variation in environmental conditions had lower influence in 
biomass-specific enzymes activity than in absolute soil enzymes activity, as the random 
variables had low impact in the percentage of variance explained by our mixed effects 





Figure 4-3: The relation of carbon biomass specific soil enzyme activities with 
vegetation type and season. Different letters indicate differences in soil enzyme activity 
from the other vegetation types. The comparisons were made among vegetation types 
during the same season, based on the post-hoc Tukey honestly significant difference 
test. 
 
Regarding soil fertility, we observed that abandoned pastures and native pastures 
differed in the concentration of nutrients, SOM and soil CEC, while sites under 
restoration had an overall similar concentration of nutrients – i.e. P and K –, but lower 





Figure 4-4: The relation of soil fertility parameters – i.e. nutrients and soil organic matter 
(SOM) concentration, soil pH and soil cation exchange capacity (CEC) - with vegetation 
type and season. Different letters indicate differences in soil enzyme activity from the 
other vegetation types, while n.s. indicates no differences in soil enzymes activity 
among vegetation types. The comparisons were made among vegetation types during 
the same season, based on the post-hoc Tukey honestly significant difference test. 
 
We also observed an overall influence of season in soil microbial activity and 
microbial biomass N (Fig. 4 - 1, 2, 3). For instance, the activity of all the studied 
enzymes was higher in wet than in dry season (Fig. 4 - 1, 3). Regarding the effects of 
season on soil microbial biomass, we observed that soil microbial N was higher in dry 
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season than in wet season for all vegetation types, but the difference in soil microbial N 
between dry and wet season was higher in exotic-dominated sites than in native and 
restored sites. On the other hand, soil microbial C did not differ between dry and wet 
season for any of the vegetation types studied.  
 
4.5 Discussion 
In this study, we evaluated whether the conversion of Cerrado native grasslands 
into planted pastures impacts the ecosystem nutrient dynamics, and if ecological 
restoration successfully restored the ecosystem nutrient dynamics to levels similar of 
native sites. Overall, we have found a higher fertility and nutrient turnover in planted 
pastures than in native grasslands. Specifically, we have observed a high soil microbial 
activity – i.e. biomass-specific enzyme activities – in pastures, indicating a faster 
mineralization rate of organic matter in relation to native grasslands. Furthermore, we 
have observed a higher P fertility in pastures than in native grasslands. On the other 
hand, sites under restoration have shown a similar pattern of microbial activity as native 
sites, indicating a similarly slow mineralization rate of organic matter as in native 
grasslands. Despite this similarity in enzyme activities, sites under restoration had lower 
microbial biomass and SOM concentration than native soils. In this case, despite the 
similar slow mineralization rates of organic matter, restored sites have higher mobility of 
nutrients in soil than in native sites, indicating a partial success of restoration techniques 
in restoring ecosystem’s nutrient cycling dynamics to levels similar of native sites, at 
least in short-term. The potential causes and consequences of these patterns are 
discussed in detail below. 
 
4.5.1 Changes in nutrient cycling dynamics due to Cerrado native grassland conversion 
into artificial pastures 
Native grasslands and exotic-dominated pastures significantly differed in the 
patterns of nutrients-cycle dynamics. As hypothesized, soil of exotic-dominated sites had 
higher biomass-specific activities of enzymes related to C-, N- and P- cycling (Fig. 4 -  
3). The higher microbial activity in exotic-dominated sites than in native undisturbed 
grasslands corroborates our initial hypothesis that the high-quality litter produced by 
resource-acquisitive exotic grasses (Pivello et al., 1999; Freschet et al., 2013) is 
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expected to favor r-strategist microorganisms, with high activity; while low-quality litter 
produced by resource-conservative native grasses is expected to favor K-strategist 
microorganisms, with low activity (Boeddinghaus et al., 2019; de Vries et al., 2012). 
Therefore, the implementation of artificial pastures through the establishment of fast-
growing resource-acquisitive exotic grasses potentially changes the microbial functional 
composition of native Cerrado’s grasslands, as previously reported (Silva et al., 2019). 
Native grasslands and abandoned pastures also differed in soil fertility 
parameters (Fig. 4 -  4). Overall, abandoned pastures had potentially more favorable 
soils to fast-growing exotic grasses than native grasslands, due to its higher 
concentration of P, especially in the wet season, a key limiting nutrient for fast-growing 
plants in tropical grasslands (Lambers et al., 2020; Reich & Oleksyn, 2004), and due to 
its low CEC, indicating a high mobility of nutrients in soil profile which increases the 
potential uptake of nutrients by plants (Liu et al., 2020). 
Therefore, our results indicate that the conversion of native Cerrado grasslands 
into artificial pastures significantly impacts the nutrient cycling dynamics in the 
ecosystem, which could lead to potential recruitment of further exotic grasses. In 
pastures, the fast mineralization rate of organic matter, related to the high microbial 
activity, and the high mobility of nutrients in soil, favors the uptake of nutrients by 
resource-acquisitive exotic grasses, favoring its further recruitment. Besides that, the 
higher concentration of P in pastures soil diminishes the resource limitation of exotic 
grasses, also favoring its growth and establishment. On the other hand, in native 
grasslands, the low microbial activity and the high soil CEC are related to low mobility of 
nutrients in soil, which remain immobilized in dead organic matter or adsorbed into soil 
particles. The low nutrient mobility and the low soil P concentration potentially favor the 
establishment of resource-conservative native species in native grasslands. 
 
4.5.2 Effects of restoration of Cerrado native grasslands in the nutrient dynamics of the 
ecosystem 
Restoration practices resulted in a low level of soil enzyme activity and a similar 
rate of soil microbial activity, similar to the patterns observed in native sites. However, 
despite observing a similar level of enzyme activity between under restoration and native 
undisturbed sites, under restoration sites had lower microbial biomass and lower 
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concentration of SOM than native soils. The soil-management practices – i.e. burning 
and plowing -  at restoration sites most likely caused the low biomass of microorganisms 
either due to a direct effect on the mortality of microorganisms and also the reduction in 
the concentration of SOM, which limits microbial growth via substrate limitation (Serna‐
Chavez et al., 2013; Zuber & Villamil, 2016). The concentration of SOM is positively 
related to the capacity of soil to sorb nutrients, directly influencing the soil CEC (Fig. S4 -
3; Liu et al., 2020). Furthermore, microbial abundance is also positively related to the 
retention of nutrients in soil, since microbial biomass affects the availability of nutrients in 
the soil solution, maintaining nutrients in labile forms and preventing leaching of 
nutrients from the ecosystem (de Vries & Bardgett, 2016; Richardson & Simpson, 2011). 
The similarities in absolute and biomass-specific enzyme activities between native and 
restored sites reflect either similarities in plant community functional composition or 
differences in land-use history. both slow- and fast-growing native species (Pellizzaro et 
al., 2017). One year after restoration, the areas were dominated by individuals of fast-
growing native species, such as Diectomis fastigiata, Lepidoploa aurea and 
Schizachyrium sanguineum, which are functionally similar to exotic fast-growing 
species (Coutinho et al., 2019; Pellizzaro et al., 2017). Conversely, native slow-growing 
species represented limited soil cover in restored plots, either due a low emergence or 
low survival rates (Coutinho et al., 2019; Pellizzaro et al., 2017). Thus, it is unlikely that 
the similarity in enzyme activity of native and restored sites was related to similarities in 
plant community functional composition, since restored sites were dominated by 
individuals of fast-growing species. Therefore, the similarly low enzyme activity at native 
and restored sites were likely caused by differences in land-use history. The low 
microbial biomass in restored sites caused by soil management practices could have 
resulted in the low soil enzyme activity of restored soils, since microorganisms are the 
main producers of extracellular enzymes in soil (Li et al., 2018; Zhou & Staver, 2019). 
Therefore, even though we observed similarly low soil enzyme activity at restored and 
native sites, it is not possible to confirm that the practice was successful in restoring the 
patterns of nutrient cycling of native undisturbed sites, since the observed low enzymatic 
activity seems to be related to low microbial abundance caused by soil disturbance due 
the management during the restoration. 
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Therefore, despite the slow rate of nutrient release in the restored site, which is 
expected to favor maintenance of resource-conservative native species (Freschet et al., 
2013; Zhou & Staver, 2019), the high mobility of nutrients in soils of restored sites is 
expected to give rise to episodic flushes of nutrients in the soil solution which may favor 
establishment of resource-acquisitive species, therefore allowing reinvasion of exotic 
grasses. Indeed, establishment of exotic species at restored sites has been observed at 
the same site. In this scenario, further investigation should also consider the restoration 
of soil conditions and soil microbial communities, in order to restore the ecosystem 
nutrient dynamics to levels similar to those observed in undisturbed native areas. There 
are two main methods that could be applied to restore soil conditions and soil microbial 
community: i) inoculate the seeds with whole-soil inoculant obtained from native soils, 
favoring the restoration of soil biota and interactions between plant and soil in native 
areas (Wubs et al., 2016); ii) increase the soil CEC by recovering the SOM 
concentrations of soils that have been managed during restoration (Hueso-González et 
al., 2018; Liu et al., 2020). The SOM recovery of managed soils could be achieved 
through the application of recalcitrant organic matter, prioritizing the formation of coarse 
particulate of SOM through physical transfer, avoiding the addition of resource-rich 
organic matter, which could increase the soil microbial activity to levels similar of exotic-
dominated sites (Cotrufo et al. 2015). For further investigation, it is important to consider 
both the restoration of native microbial communities and soil conditions together, since 
inoculation with native soil re-establishes ecosystem processes and plant-
microorganism interaction, both mutualistic and pathogenic. This increases the native 
plant cover and reduces the land cover by exotic species (Bauer et al., 2015, 2017; 
Lubin et al., 2019; Wubs et al., 2016), and restoration of soil conditions favors 
establishment of microbial biomass (Hueso-González et al., 2018; Liu et al., 2020; Luna 
et al., 2016; Ros et al., 2003). 
 
4.5.3 Effect of season  
In addition to the effects of plant community functional composition and historic 
land-use on the ecosystem nutrient-cycling pattern, we also found an overall effect of 
seasonality on soil enzyme activity at our sites (Fig. 4 - 1). The effect of season on soil 
enzyme activity was probably more related to differences in soil moisture than in 
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temperature, since, at our study site, there is a markedly dry and wet season with small 
differences in mean amplitude of temperature (Fig. S4 - 1). Dry conditions influence soil 
enzyme activity through three mechanisms. First, drying might change the structure of 
mineral-associated extracellular enzymes reducing their functioning (Kandeler et al., 
2019; Rao et al., 2000). Second, drier conditions reduce substrate diffusion in soil which 
may result in resource limitation of soil microorganisms (Schimel et al., 2007). Third, a 
lower soil water potential imposes physiological stress on microorganisms, resulting in 
different patterns of resource allocation (Schimel et al., 2007). To avoid cellular lysis, 
microorganisms allocate resources to synthesize protective molecules and increase the 
intracellular solute concentration, which competes with the production of extracellular 
enzymes (Schimel et al., 2007). Even though the effects of dry conditions on soil 
enzyme activities are related to environmental and microbial community characteristics 
(Steinweg et al., 2013), we found an overall importance of drought on soil enzyme 
activity for all three sites studied. 
 In addition to reducing soil enzyme activity, rainfall seasonality also affects soil 
microbial biomass (Steinweg et al., 2013). In general, depending on intensity, low water 
availability leads to dormancy or death of soil microorganisms (Schimel et al., 2007). 
Although both dormancy and death of soil microorganisms results in a reduction of soil 
microbial activity, it leads to different patterns of nutrient stocks in soil. For instance, 
death of microorganisms leads to mineralization and release of the nutrients immobilized 
in microbial biomass, increasing the concentration of nutrients in soil. Conversely, 
dormant microorganisms maintain the nutrients immobilized in their biomass (Miller et 
al., 2005; Schimel et al., 2007). In our study, despite a decrease in soil enzyme 
activities, drought did not reduce the microbial biomass. Therefore, the stress caused by 
dry conditions to the soil microbiota may have led, predominantly to dormancy. At our 
site, the stress caused by dry conditions has two main consequences for soil microbiota, 
related to ecosystem nutrient cycling. First, in the dry season the nutrients remain 
immobilized in microbial biomass which prevents them from leaching (Miller et al., 2005). 
Second, there is a potential early resumption of soil microbial activity in the wet season, 





 In our study sites, the conversion of Cerrado native grasslands in artificial 
pastures increased the ecosystem’s mobility of nutrients, either through a potential fast 
mineralization of organic matter, as through the low retention of nutrients in soil and 
microbial biomass. These changes in nutrient cycling dynamics are expected to favor 
the establishment and recruitment of resource-acquisitive exotic grasses. In this 
scenario, the restoration of native grasslands should aim to restore the potential slow 
mineralization rate of organic matter and the high retention of nutrients in microbial 
biomass and in soil particles. In our study site, the restoration of native grasslands 
partially recovered this pattern of ecosystem nutrient dynamics. For instance, sites under 
restoration had low mineralization rates of organic matter. However, this slow rate was 
related to a low microbial biomass and SOM, indicating a low retention of nutrients, 
which could still favor further establishment of exotic grasses. Furthermore, the low 
microbial biomass and SOM were probably related to soil management practices – i.e. 
burning and plowing – applied during restoration. Therefore, further investigations 
should focus on methods to recover the native soil microbiota and soil conditions – 
mainly SOM -, recovering ecosystem processes and plant-microorganism interactions, in 
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Figure S 4-1: Map representing the study area inside the National Park of the Chapada 
dos Veadeiros. The lines represent the transects installed at each site with different 
vegetation type (black – exotic-dominated; white – restored; grey – native). The 
transects were installed in two blocks (Area A and Area B). The image is from 2020 
(SENTINEL-2; ESA 2020), and does not represent the conditions of the vegetation at 





Figure S 4-2: Historic climatic data for the sites studied. The data were obtained from an 
automatic meteorological station (INMET, 2020) located at the municipality of Posse 
(GO), approximately 125 km from the plots. The climatic data considered dates from 





Figure S4-3: The relation between soil organic matter concentration and soil cation 
exchange capacity (CEC). The dashed grey line represents the adjusted linear model 







 Neste estudo, avaliei como a heterogeneidade nas condições ambientais, tanto 
em larga quanto em fina escalas, do Cerrado brasileiro afeta as características da 
comunidade vegetal e processos ecossistêmicos. Além disso, também avaliei como 
distúrbios em ecossistemas nativos causados pela conversão da vegetação nativa em 
pastagens, afeta a dinâmica de ciclagem de nutrientes no ecossistema e na 
restauração de ecossistemas nativos. 
 Como discutido na introdução, a distribuição de campos, savanas e florestas no 
Cerrado é influenciada por três principais fatores: o regime de distúrbios, a 
disponibilidade de recursos e as características da comunidade vegetal; sendo que a 
importância relativa de cada um destes fatores depende das condições ambientais 
locais. Nas áreas de estudo, como as comunidades de Itirapina estão sobre solos 
pouco férteis e rasos, espera-se que a distribuição dos estados estáveis alternativos 
esteja relacionada com as condições edáficas, enquanto que essa relação não é 
esperada em Brasília. De fato, este padrão foi observado nos resultados. Enquanto em 
Itirapina a área basal de lenhosas esteve positivamente relacionada com a fertilidade e 
profundidade do solo, em Brasília essa relação não foi observada. Assim, apesar da 
similaridade entre os diferentes locais na estrutura da comunidade vegetal de campos, 
savanas e florestas, a distribuição e dinâmica de transições entre os diferentes estados 
alternativos da vegetação podem ser influenciados e mantidos por mecanismos 
distintos. Portanto, os resultados corroboram a hipótese de que variações nas 
condições ambientais locais influenciam na dinâmica e distribuição dos estados 
estáveis alternativos da vegetação no Cerrado. 
 Por outro lado, as áreas estudadas apresentaram um padrão similar na dinâmica 
de decomposição de matéria orgânica. De modo geral, foi observado um papel-chave 
de cupins na decomposição de madeira morta, sendo a decomposição realizada 
principalmente por cupins do gênero Heterotermes nas três áreas. Apesar disso, a 
importância relativa dos cupins em relação aos microrganismos na decomposição de 
madeira morta diferiu entre os tipos de vegetação. Enquanto que em áreas de campo e 
savana os cupins são capazes de dobrar as taxas de decomposição em relação aos 
microrganismos, nas áreas de floresta este efeito não é observado. O mecanismo 
responsável por esta diferença na importância relativa dos cupins na decomposição de 
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madeira morta entre os tipos de vegetação está relacionado ao efeito da densidade de 
lenhosas no comportamento de forrageio dos cupins. Portanto, os resultados apontam 
para uma consistência no padrão de decomposição de madeira morta no Cerrado, com 
cupins do gênero Heterotermes sendo importantes agentes condutores da 
decomposição em campos e savanas, enquanto que microrganismos são os principais 
condutores da decomposição em áreas de floresta. 
 Por fim, transformações de campos nativos em pastos artificiais têm efeitos 
significativos na dinâmica de ciclagem de nutrientes do ecossistema, sendo estes 
efeitos relevantes para os esforços de restauração de ecossistemas nativos. A 
conversão de campos nativos em pastos artificiais leva ao aumento da atividade 
microbiana, provavelmente por favorecer o crescimento de microrganismos de 
crescimento e atividade rápidas. O aumento da atividade microbiana e a seleção de 
organismos de crescimento rápido, resulta na aceleração na taxa de ciclagem de 
nutrientes do ecossistema. Além disso, a implementação de pastos artificiais aumenta a 
fertilidade do solo, principalmente a concentração de P, um elemento limitante chave 
para o estabelecimento de plantas de crescimento rápido no Cerrado. 
 O impacto da conversão de campos nativos em pastos na dinâmica de ciclagem 
de nutrientes deve ser considerado nos esforços de restauração. No entanto, os 
resultados indicam que as práticas de manejo do solo – i.e. queimadas e revolvimento 
do solo – aplicadas durante a restauração para evitar a germinação e a rebrota de 
gramíneas exóticas não levam à restauração da dinâmica de ciclagem de nutrientes. 
Isto porque estas práticas resultam na mortalidade da comunidade microbiana e na 
degradação da matéria orgânica do solo, reduzindo a retenção de nutrientes no solo. 
Assim, futuros esforços de restauração de campos nativos devem levar em 
consideração a restauração das comunidades microbianas do solo e também da sua 
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